
Modulation of Pim Kinase Activity to Sensitize Acute Myeloid
Leukemia (AML) Cells with FLT3-ITD to Chemotherapy

Item Type dissertation

Authors Doshi, Kshama Atul

Publication Date 2017

Abstract Internal tandem duplication of the fms-like tyrosine kinase-3
(FLT3-ITD) receptor tyrosine kinase is present in acute myeloid
leukemia (AML) cells of 30 percent of patients. While patients
with FLT3-ITD usually achieve complete remission following in...

Keywords FLT3-ITD; Pim-1 kinase; Chemotherapy; Apoptosis; DNA Repair;
Leukemia, Myeloid, Acute

Download date 19/05/2023 15:33:04

Link to Item http://hdl.handle.net/10713/6765

http://hdl.handle.net/10713/6765


 
 

KSHAMA A. DOSHI 

kshama.doshi23@gmail.com 

 

EDUCATION: 

- Ph.D. Candidate, Toxicology (08/2012 – 05/2017) 

University of Maryland Baltimore 
 

- Master of Science (M.S), Molecular Medicine (08/2010 – 06/2012) 

University of Maryland Baltimore 
 

- Bachelor of Pharmacy (08/2006 – 05/2010) 

Institute of Chemical Technology 

 

PROFESSIONAL EXPERIENCE: 
 

- Graduate Research Assistant (09/2013 – 05/2017) 

University of Maryland School of Medicine                             

Project: Proof-of-concept preclinical testing of Pim kinase inhibition in sensitizing 

leukemia to chemotherapy drugs. 

o Resulted in productive collaboration with AstraZeneca to study the effect of Pim 

kinase inhibition on DNA repair. 

o Developed novel combinatorial therapeutic strategies for AML, using Pim 

inhibitors and chemotherapy. 

o Studied the role of Pim kinase in mediating drug resistance in cancer. 

o Conceived and optimized a novel protocol to study long-term induction of 

oxidative stress in cancer cell. 

o Mentored, trained and managed 2 graduate students. 

 

- Research Intern in Oncology Drug Discovery Group (05/2016 – 08/2016) 

Takeda, Cambridge                                                  

Project: Elucidate the role of SUMOylation in immuno-oncology 

o Designed in vitro immune cell co-culture assays to evaluate impact of 

immunotherapy on immune memory in mouse T-cells against antigen. 

o Performed efficacy studies for SUMO inhibitors in syngenic mouse tumor 

models. 

o Established and optimized protocols to study immunogenic cell death.  

o Experienced working in a fast paced, cross-functional multidisciplinary and 

regulated (GLP, GDP) environment.  

 

- Graduate Research Assistant (08/2010 - 06/2012) 

University of Maryland School of Medicine  

Project: Elucidate role of microRNA-708 in pediatric B-cell acute lymphoblastic      



 
 

leukemia. 

o Investigated effect of miR-708 in inducing normal/leukemic hematopoiesis in 

mouse models.   

  

 

PUBLICATIONS: 
 

- Doshi KA, Trotta R, Natarajan K, Rassool FV, Tron AE, Huszar D, Perrotti D, Baer 

MR. Pim kinase inhibition sensitizes FLT3-ITD acute myeloid leukemia cells to 

topoisomerase 2 inhibitors through increased DNA damage and oxidative stress. 

Oncotarget, 2016;7:48280-48295. 

- Candia J, Cherukuri S, Guo Y, Doshi KA, Banavar JR, Civin CI, Losert Wolfgang. 

Uncovering low- dimensional, miR-based signatures of acute myeloid and 

lymphoblastic leukemias with a machine- learning-driven network approach. 

Convergent Science Physical Oncology, 2015;1(2)   

- Mathias TJ, Natarajan K, Shukla S, Doshi KA, Singh ZN, Ambudkar SV, Baer MR. 

The FLT3 and PDGFR inhibitor crenolanib is a substrate of the multidrug resistance 

protein ABCB1 but does not inhibit transport function at pharmacologically relevant 

concentration. Investigational New Drugs,  2015;33:300-309 

 

SELECTED ABSTRACTS AND POSTERS: 
 

- Doshi KA, Nagaria PN, Tron AE, Rassool FV, Baer MR. Concurrent treatment with 

Pim kinase inhibitor decreases alternative non-homologous end-joining repair of 

DNA damage induced by topoisomerase 2 inhibitors in cells with FLT3-ITD. 

American Association of Cancer Research 2017 Annual Meeting, Washington, DC  

- Doshi KA, Nagaria PN, Tron AE, Rassool FV, Baer MR. Decreased DNA repair 

contributes to Pim kinase inhibitor enhancement of topoisomerase 2 inhibitor-induced 

DNA damage in cells with FLT3-ITD. Society of Toxicology 2017 Annual Meeting, 

Baltimore, MD 

- Doshi KA, Baldwin PR, Baer MR. The clinically applicable pan-Pim kinase 

inhibitor PIM447 sensitizes acute myeloid leukemia cells with FLT3-ITD to 

induction of apoptosis by FLT3 inhibitors and by topoisomerase 2 inhibitors. 

American Association of Cancer Research 2016 Annual Meeting, New Orleans, LA 

- Doshi KA, Natarajan K, Rassool F, Huszar D, Baer MR. The Pim kinase inhibitor 

AZD1208 enhances topoisomerase-2 inhibitor induction of apoptosis of acute 

myeloid leukemia cells with FLT3-ITD through increased oxidative stress. Society of 

Toxicology 2016 Annual Meeting, New Orleans, LA 

- Doshi KA, Natarajan K, Rassool FY, Huszar D, Baer MR. The Pim kinase inhibitor 

AZD1208 enhances topoisomerase-2 inhibitor induction of apoptosis of acute 

myeloid leukemia cells with FLT3-ITD through increased oxidative stress. American 

Society of Hematology 2015 Annual Meeting, Orlando, FL 

http://www.ncbi.nlm.nih.gov/pubmed/27374090
http://www.ncbi.nlm.nih.gov/pubmed/27374090


 
 

- Doshi KA, Natarajan K, Wolfson B, Huszar D, Baer MR. The Pim kinase inhibitor 

AZD1208 sensitizes acute myeloid leukemia cells with fms-like tyrosine kinase 3 

internal tandem duplication (FLT3-ITD) to cytotoxic effects of chemotherapy drugs. 

American Association of Cancer Research 2015 Annual Meeting, Philadelphia, PA 

- Natarajan K, Mathias TJ, Doshi KA, Tron AE, Kraus M, Trotta R, Perrotti D, Huszar 

D, Baer MR. the Pim kinase inhibitor AZD1208 enhances apoptosis induction by 

clinically active FLT3 inhibitors in FLT3-ITD acute myeloid leukemia cells in vitro 

and in vivo through synergistic downregulation of Mcl-1 and of Bcl-xL. American 

Society of Hematology 2014 Annual Meeting, San Francisco, CA 

- Doshi KA, Naik S. Hematopoietic Stem Cells: Biology and Future Prospects. 2008 - 

Indian Pharmaceutical Association Student Congress, Mumbai, India 

 

SUMMARY OF SKILLS:  

- Technical skills: 

o Proficient in multi-color flow cytometry including apoptosis assay, cell cycle 

progression and immunophenotyping, cell culture, primary cell isolation and 

maintenance, SDS-PAGE, Western blotting, DNA repair assays, fractionated 

protein extraction. 

o Proficient use of software’s including FlowJo V10.2, BD FACSDiva, Graphpad 

Prism, PK/PD analysis, NCA, Phoenix WinNonlin, PhosphoNET: Kinexus, 

Photoshop 

- Graduate coursework: 

o Fundamentals of Pharmacology, Advanced Cancer Biology, Molecular 

Mechanisms of Signal Transduction, General Pathology, Biostatistical Methods, 

Molecular Toxicology, Basic PK/PD Modelling and Research Ethics 

- Communication skills: 

o Reviewer in peer-reviewed journal,  

o Highly developed written and oral communication skills through manuscript and 

scientific newsletter writing and multiple presentations in international 

conferences 

o Multiple leadership roles in national/international organizations. 

- Team work: 

o Experienced working in multi-disciplinary teams for scientific research 

 

 

 

 

 

 

 

http://www.bloodjournal.org/content/124/21/3601.abstract
http://www.bloodjournal.org/content/124/21/3601.abstract
http://www.bloodjournal.org/content/124/21/3601.abstract


 
 

HONORS: 
 

- Graduate Student Travel Award, Society of Toxicology (2017) 

- Dr.  Laxman Desai Graduate Student Best Abstract Award, Society of Toxicology 

(2016) 

- Graduate Student Travel Award, University of Maryland Baltimore (2016) 

- UMB President’s Commendation: Outstanding Contribution to Student Organization 

(2013 – 2014) 

- J.N. Tata Endowment for Excellence in Academics (2006 – 2009) 

 

INSTITUTIONAL SERVICE: 
 

- Society of Toxicology                          

o Drug Discovery Toxicology Specialty Section: Student Representative (2016 – 

2017)                   

o Association of Scientists of Indian Origin: Webinar Committee Officer (2016 – 

2017                   

- Graduate Student Association Officer, UMB                                    

o Toxicology Departmental Representative (2014 – 2017) 

- Organizer of Leukemia Collaborative Laboratory Group Meetings, UMB (2015 – 

2017)          

PROFESSIONAL SOCIETY MEMBERSHIPS: 
 

- Society of Toxicology (2015 – Present) 

- American Association of Cancer Research (2014 – Present) 

        

 

 

 

 

 

 

 



 
 

ABSTRACT 

Title of Dissertation: Modulation of Pim Kinase Activity to Sensitize Acute Myeloid 

Leukemia (AML) Cells with FLT3-ITD to Chemotherapy 

Kshama Doshi, Doctor of Philosophy, 2017 

Dissertation Directed by: Dr. Maria R. Baer, MD, Director of Hematologic 

Malignancies, Professor of Medicine 

 

Internal tandem duplication of the fms-like tyrosine kinase-3 (FLT3-ITD) receptor 

tyrosine kinase is present in acute myeloid leukemia (AML) cells of 30 percent of 

patients. While patients with FLT3-ITD usually achieve complete remission following 

induction chemotherapy, they have a high relapse rate and short disease-free survival. 

FLT3 inhibitors have had only limited and transient activity in clinical trials. The 

serine/threonine kinase Pim-1 is a pro-survival oncogene that is transcriptionally 

upregulated by FLT3-ITD. It promotes FLT3-ITD signaling in a positive feedback loop. 

Thus Pim-1 is an attractive target for AML with FLT3-ITD. In this study we evaluated 

the efficacy of Pim kinase inhibition in sensitizing AML cells with FLT3-ITD to 

chemotherapy drugs, including the nucleoside analog cytarabine and topoisomerase 2 

inhibitors. We found that co-treatment with the pan-Pim kinase inhibitor AZD1208 or 

expression of a kinase-dead Pim-1 mutant sensitizes FLT3-ITD cell lines to apoptosis 

triggered by topoisomerase 2 inhibitor, but not by cytarabine. Pim kinase inhibition also 

sensitizes primary AML cells with FLT3-ITD, but not AML cells with wild-type FLT3 or 

remission bone marrow cells, to topoisomerase 2 inhibitors, supporting a favorable 

therapeutic index. Mechanistically, Pim kinase and topoisomerase 2 inhibitor co-



 
 

treatment was associated with increased DNA double-strand breaks (DSBs) and increased 

induction of reactive oxygen species (ROS), which further induces DNA damage, 

causing the subsequent progressive increased apoptosis.  Of note, enhanced apoptosis 

was abrogated by pretreatment with the ROS scavenger N-acetyl cysteine. We 

hypothesized that the increase in topoisomerase 2-induced DNA DSBs with Pim kinase 

inhibition might result at least in part from effects on DNA repair pathways. AZD1208 

was found to inhibit alternative non-homologous end-joining (Alt-NHEJ) activity 

induced by the topoisomerase 2 inhibitor in cells with FLT3-ITD, in conjunction with a 

decrease in nuclear expression of key Alt-NHEJ proteins XRCC1 and DNA ligase 3. Alt-

NHEJ is a highly error-prone DNA DSB repair pathway that is upregulated in cells with 

FLT3-ITD. Future work will determine the effect of decreased Alt-NHEJ activity on 

genomic instability in these cells.  Overall, our data support testing of Pim kinase 

inhibitors with topoisomerase 2 inhibitors to improve treatment outcomes in AML with 

FLT3-ITD. 
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CHAPTER 1: INTRODUCTION 

1.1 Acute Myeloid Leukemia  

Acute myeloid leukemia (AML) is a bone marrow-based malignancy 

characterized by maturation arrest of a malignant clone of myeloid cells.  It is diagnosed 

by presence of 20% or more myeloid blasts in the bone marrow or the peripheral blood 

[1]. AML is the common form of acute leukemia in adults, accounting for approximately 

80% of cases [2]. From 2009 – 2013, the number of new cases of AML was 4.1 per 

100,000 men and women, and the number of deaths was 2.8 per 100,000 men and 

women. In 2016, there were 60,140 estimated new cases of AML and 24,400 estimated 

deaths due to AML [3].  

AML can arise de novo or can be “secondary,” resulting from either progression 

of an antecedent myeloid malignancy, such as a myelodysplastic syndrome or a 

myeloproliferative neoplasm, or cytotoxic therapy used to treat prior cancers or non-

malignant diseases. 

Median age at the time of diagnosis of AML is 67 years, The incidence of AML 

increases with age; it is ~ 13/10,000 in individuals less than 65 years old, and 122/10,000 

AML in those more than 65 years old [4]. Through recent advances in AML treatment, 

patient outcomes have improved significantly for younger patients, but 70% of older 

patients continue to succumb to the disease within one year of diagnosis [5].   
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1.2 Heterogeneity of AML 

AML is characterized by marked cytogenetic and molecular heterogeneity. 

Cytogenetic abnormalities are present in AML cells at the time of diagnosis in at least 

60% of patients [6]. These abnormalities remain the most important prognostic factor for 

remission, relapse, and overall survival. The most common structural chromosome 

abnormalities include translocations and inversions resulting in gene rearrangements, and 

deletions. Many structural chromosome abnormalities in AML result in gene fusions that 

produce oncofusion proteins (Table 1-1) [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHROMOSOMAL 

TRANSLOCATIONS 
ONCOFUSION PROTEINS 

t(1;22) (p13.3;q13.3) RBM15-MKL1 

inv(3)(q21.3q26.2) RPN1-MECOM 

t(6;9)(p23;q34.1) DEK-NUP214 

t(7;11)(p15;p15) NUP98-HOXA9 

t(8;16)(p11;p13) KAT6A-CREBBP 

t(8;21)(q22;q22) RUNX1-RUNX1T1 

t(9;22)(q34;q31) BCR-ABL1 

t(11;  )(q23;  ) MLL fusion 

t(12;22)(p13;q12) MN1-ETV6 

t(15;17)(q24;q21) PML-RARα 

t(16;21)(q24;q22) RUNX1-CBFA2T3 

inv(16)(p13.1q22) CBFβ-MYH11 

Table 1-1: Oncofusion proteins in AML  
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AML cells of up to 40% of patients have a normal karyotype at the time of 

diagnosis [8]. However, AML cells with a normal karyotype frequently have molecular 

abnormalities that allow subclassification and assignment of prognosis. The frequency of 

mutations occurring in AML cells in newly diagnosed patients enrolled on the Eastern 

Cooperative Oncology Group E1900 clinical trial is shown in Table 1-2 [9].  

GENE 

MUTATED 

OVERALL 

FREQUENCY (%) 

FLT3 37 

NPM1 29 

DNMT3A 23 

NRAS 10 

CEBPA 9 

TET2 8 

WT1 8 

IDH2 8 

IDH1 7 

KIT 6 

RUNX1 5 

MLL-PTD 5 

ASXL1 3 

PHF6 3 

KRAS 2 

PTEN 2 

TP53 2 

HRAS 0 

EZH2 0 

    

 

Table 1-2: Frequency of commonly mutated genes in AML 
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In 2013, the Cancer Genome Atlas Research Network analyzed the genomes of 

AML cells from 200 patients using whole-genome sequencing and/or whole-exome 

sequencing, along with RNA and micro-RNA sequencing and DNA-methylation 

analysis. Based on their analysis, genes frequently mutated in AML were divided into six 

categories based on biologic function (Table 1-3) [10].  

 

 

CATEGORIES OF GENE 

MUTATIONS 
IMPACT OF MUTATION 

Class III tyrosine kinase 

receptor gene (FLT3) 
Proliferative advantage 

Myeloid transcription factors 

(RUNX1) 

Transcriptional deregulation and impaired 

hematopoietic differentiation 

Nucleophosmin gene 

(NPM1) 

Aberrant cytoplasmic localization of NPM1 

and NPM1-interacting proteins 

DNA methylation 

(DNMT3A, TET2, IDH1, 

IDH2) 

Deregulated DNA methylation 

Tumor suppressor genes 

(TP53) 

Transcriptional deregulation and impaired 

degradation through PTEN and MDM2 

Chromatin spliceosome group 

 

- Cohesin-complex gene 

(STAG2, RAD21) 

 

- Spliceosome complex 

(SRSF2, SF3B1, U2AF1, 

ZRSR2) 

 

- Chromatin modification 

genes (ASXL1, EZH2) 

 

 

Impaired chromosomal segregation and 

transcriptional regulation 

 

Deregulated RNA processing 

 

 

Deregulated chromatin modification 

Table 1-3: Functional categories of genes commonly mutated in AML 
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1.3 Classification of AML  

The two main systems used to classify AML are the French-American-British (FAB) 

classification, which classifies AML on the basis of morphology and flow cytometry, and 

the World Health Organization (WHO) classification, which incorporates cytogenetic and 

molecular abnormalities. The FAB system classifies AML into 8 main subtypes and the 

WHO classifies AML into 6 main subgroups, as shown in Table 1-4 and Table 1-5 [11, 

12].  

 

 

 

 

 

 

FAB CLASSIFICATION 

AML Subtype Morphological Classification 

M0 Undifferentiated acute myeloblastic leukemia 

M1 
Acute myeloblastic leukemia with minimal 

maturation 

M2 Acute myeloblastic leukemia with maturation 

M3 Acute promyelocytic leukemia 

M4 Acute myelomonocytic leukemia 

M4 eos Acute myelomonocytic leukemia with eosinophilia 

M5 Acute monocytic leukemia 

M6 Acute erythroid leukemia 

M7 Acute megakaryoblastic leukemia 

Table 1-4: the French-American-British (FAB) system classification of AML  
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WHO Classification Genetic abnormalities 

AML with recurrent 

genetic abnormalities 

AML with t(8:21)(q22;q22); RUNX1-RUNX1T1 

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

APL with PML-RARA 

AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A 

ML with t(6;9)(p23;q34.1); DEK-NUP214 

AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, 

MECOM 

AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1 

AML with BCR-ABL1 (provisional entity) 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

AML with mutated RUNX1 (provisional entity) 

AML with myelodysplasia-related changes 

Therapy-related myeloid neoplasms 

AML, not otherwise 

specified (NOS) 

AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute myelomonocytic leukemia 

Acute monoblastic/monocytic leukemia 

Pure erythroid leukemia 

Acute megakaryoblastic leukemia 

Acute basophilic leukemia 

Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 

Myeloid proliferations 

related to Down 

syndrome 

Transient abnormal myelopoiesis 

Myeloid leukemia associated with Down syndrome 

 

 

Table 1-5: World Health Organization (WHO) classification of AML 
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Cytogenetic and molecular changes are of greatest importance in determining 

prognosis, including predicting likelihood of complete remission (CR), likelihood of 

relapse, and overall survival (OS) in AML patients. The European LeukemiaNet (ELN) 

has developed a classification based on genetic abnormalities that includes three risk 

stratification groups (Table 1-6) [13].  

 

 

 

Risk Group Cytogenetic and Molecular Changes 

Favorable 

t(8;21)(q22;q22); RUNX1-RUNX1T1 

inv(16)(p13.1q22);CBFB-MYH11 

Mutated NPM1 without FLT3-ITD or with FLT3-ITD (allelic 

ratio < 0.5) 

Biallelic mutated CEBPA (normal karyotype) 

Intermediate 

Mutated NPM1 and FLT3-ITD (allelic ratio > 0.5) 

Wild-type NPM1 without FLT3-ITD or with FLT3-ITD (allelic 

ratio < 0.5) (without adverse-risk genetic lesions) 

t(9;11)(p22;q23); MLLT3-KMT2A 

Cytogenetic abnormalities not classified as favorable or adverse 

Adverse 

inv(3)(q21q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1) 

t(6;9)(p23;q34); DEK-NUP214 

t(9;22)(q34.1;q11.2);BCR-ABL1 

t(v;11)(v;q23); KMT2A rearranged 

~5 or del(5q); ~7;abnl(17p); complex karyotype 

Monosomal karyotype 

Wild-type NPM1 and FLT3-ITD (allelic ratio > 0.5) 

Mutated RUNX1 

Mutated ASXL1 

Mutated TP53 

Table 1-6: Current Classification of AML profiles on the basis of cytogenetic and 

molecular analysis 
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1.4 Current Therapy 

While current research is focusing on targeted therapies in AML, standard 

chemotherapy for AML has not changed significantly in almost 50 years. Following 

initial assessment, most patients receive intensive induction chemotherapy with the goal 

of inducing complete remission (CR). Response is categorized as CR when the absolute 

neutrophil count is >/ 1.0 x 10
9
/L and platelet count is >/ 100 x 10

9
/L, bone marrow blasts 

are <5%, there are no circulating blasts or blasts with Auer rods, and there is no 

extramedullary disease [13]. Post-remission therapy is then administered, with the goal of 

prolonging remission duration and decreasing the likelihood of relapse. 

1.4.1 Induction Chemotherapy 

AML patients are treated with a combination chemotherapy regimen commonly 

referred to “7+3.” It includes the nucleoside analog cytosine arabinoside or cytarabine 

administered by continuous intravenous infusion for 7 days and an anthracycline,  

commonly daunorubicin or idarubicin, administered by bolus intravenous injection daily 

for 3 days. CR is achieved in 60-80% of adults less than 60 years, but only 40-60% of 

adults over 60 years of age [13-15].  

Cytarabine is usually administered as at a dose of 100 or 200 mg/m
2 

daily. 

Multiple trials have shown increased toxicity without enhanced efficacy at higher doses 

of cytarabine (2000-3000 mg/m
2
) in induction therapy [16, 17]. Some, but not all, clinical 

trials have demonstrated a higher CR rate in AML patients under 60 years given 

daunorubicin 90 mg/m
2
, as compared to 45 mg/m

2
, daily for 3 days [18-21]. I Thus 

daunorubicin can be given at a 60 mg/m
2 

or 90 mg/m
2
, while idarubicin is given at a dose 

of 12 mg/m
2
 in induction chemotherapy.  
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A recent analysis of five randomized trials showed reduced risk of relapse and 

improved survival in younger adults when gemtuzumab ozogamicin, a humanized anti-

CD33 monoclonal antibody conjugated to the cytotoxic agent calicheamicin, was added 

to induction therapy [22]. However gemtuzumab ozogamicin is not currently approved by 

the Food and Drug Administration and is not available for use. 

1.4.2 Consolidation Therapy   

Standard post-remission strategies include consolidation chemotherapy and 

allogeneic hematopoietic stem cell transplantation (allo-HSCT). The AML genetic risk 

profile and the risk of transplant-related morbidity and mortality determine whether or 

not allo-HSCT is a recommended option. Adult AML patients 60 years and younger with 

favorable genetic risk (Table 4) generally receive 4 cycles of high-dose cytarabine (1000-

3000 mg/m
2
 administered intravenously over three hours every 12 hours for 3 days) as 

consolidation chemotherapy [14]. Allo-HSCT is recommended for adult patients with 

adverse genetic risk, while for adults with intermediate genetic risk, both consolidation 

chemotherapy and allo-HSCT are acceptable options. Treatment outcomes for AML 

patients over 60 years are inferior to those of younger patients[23]. These patients are 

commonly recommended to participate in clinical trials of investigational therapies, when 

available [14]. In the absence of a clinical trial, demethylating agents may be used instead 

of intensive chemotherapy to treat older patients with comordities, poor performance 

status and/or adverse genetic risk. 

1.5 FLT3 receptor 

 Fms-like tyrosine kinase 3 (FLT3) is a transmembrane receptor with a molecular 

weight of 155-160 kDa that belongs to the class III family of receptor tyrosine kinases 
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[24]. The FLT3 receptor comprises four main regions, including an extracellular N-

terminal domain, a transmembrane domain, a juxtamembrane (JM) domain and an 

intracellular C-terminal domain. The extracellular region is highly glycosylated, enabling 

translocation of wild-type FLT3 (WT-FLT3) from Golgi bodies to the plasma membrane. 

Non-glycosylated FLT3, with molecular weight of 130-143 kDa, does not localize to the 

plasma membrane [25]. 

FLT3 is expressed on normal CD34+ hematopoietic stem/progenitor cells [24, 26, 

27]. FLT3 is also expressed on cells in other hematopoietic and lymphoid organs, 

including liver, spleen, lymph nodes and thymus, as well as non-hematopoietic organs, 

including brain and gonads [28, 29]. FLT3 dimerizes and is activated by binding of its 

ligand, FLT3 ligand. FLT3 ligand is a type 1 transmembrane protein that regulates 

proliferation and differentiation of hematopoietic cells [30, 31]. Unlike the FLT3 

receptor, FLT3 ligand is expressed in most tissues, including hematopoietic organs 

(spleen, liver, lymph nodes and bone marrow) and non-hematopoietic organs (prostate, 

ovary, lungs, colon and heart). Thus expression of FLT3 receptor, and not FLT3 ligand, 

determines tissue specificity of FLT3 receptor activation [32-34]. Activation of the FLT3 

receptor by binding of FLT3 ligand activates phosphatidylinositol-3-kinase (PI3 kinase)-

AKT, extracellular-signal-regulated kinase 1 and 2 (ERK1/2) and signal transducer and 

activator transcription factor-3 (STAT-3) signaling, regulating multiple processes, 

including proliferation and apoptosis [25, 28, 35, 36]. 

1.5.1 FLT3 in AML 

FLT3 is expressed on acute leukemia cells in more than 90% of AML cases, 

~100% of B-cell acute lymphoblastic leukemia (B-ALL) cases and more than 80% of T-
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cell acute lymphoblastic leukemia (T-ALL) cases, thus implying that FLT3-activated 

signaling pathways may play a crucial role in survival and proliferation of acute leukemia 

cells [37, 38]. Additionally, increased FLT3 signaling is seen in human leukemia cell 

lines cultured with FLT3 ligand, which causes phosphorylation and activation of the 

FLT3 receptor.  

Mutations in the FLT3 gene are present in AML cells of 30% of patients at the 

time of diagnosis. In particular, AML cells from 70% of patients with normal karyotype 

and 35% of patients with t(15;17) have FLT3 mutations. FLT3 gene mutations are more 

common in de novo AML (~26%) than in secondary AML (~9%) [39]. Mutations in the 

FLT3 gene result in constitutive activation of FLT3 [40]. The two main types of FLT3 

activating mutations are internal tandem duplications (ITD) in the JM domain (FLT3-

ITD) and point mutations in the activation loop of the tyrosine kinase domain (FLT3-

TKD). FLT3-ITD is present in AML cells of 25% of patients, and FLT3 TKD mutations 

in 5%[41, 42]. Both FLT3-ITD and FLT3-TKD mutations result in constitutive activation 

of the FLT3 receptor, not requiring activation by FLT3 ligand to trigger downstream 

signaling cascades.  

Clinically, FLT3-ITDs are associated with hyperleukocytosis, increased risk of 

relapse (RR) and short disease-free survival (DFS) and overall survival (OS). In contrast, 

FLT3-TKD mutations have a lesser prognostic impact in terms of and both RR and OS, 

but  double mutations (FLT3-ITD-TKD) are detected in a very small percentage of AML 

patients (~2%) and are characterized by worse clinical outcomes as compared to patients 

with FLT3-ITD alone [43-46]. FLT3-ITD is one of the three molecular markers 

designated by ELN as most relevant in clinical practice [1]. The likelihood of relapse and 
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short OS associated with presence of FLT3-ITD also depends on the allelic ratio. As seen 

in Table 6, ELN recommendations suggest that patients with AML with FLT3-ITD with a 

low allelic ratio (<0.5) have favorable outcomes, while those with AML with FLT3-ITD 

with a high allelic ratio (>0.5) have a poor prognosis and are placed in to the intermediate 

or adverse risk category.  

1.5.2 FLT3 with Internal Tandem Duplication 

ITDs are duplications of bases in exon 14 or 15 of the FLT3 gene, which code for 

the JM [47]. These duplications are of variable length, ranging from 3 to more than 400 

base pairs, in multiples of three (in-frame), and result in insertion of repeated amino acid 

sequences in the JM domain of the FLT3 receptor. Structurally, the JM domain in the 

WT-FLT3 receptor has a helix conformation that blocks the tyrosine kinase domain of 

the receptor, preventing its activation and auto-dimerization. However the auto-inhibitory 

function conferred by the JM domain is lost in the presence of an ITD [37]. The resulting 

conformational change exposes the catalytically active site of FLT3-ITD, leading to 

ligand-independent dimerization and constitutive activation of the receptor, which in turn 

blocks myeloid differentiation of hematopoietic cells [48]. In addition to being 

constitutively activated, FLT3-ITD receptors remain responsive to stimulation by FLT3 

ligand [49]. Additionally while FT3-WT is expressed predominantly on the cell surface 

in a mature glycosylated form (150 kDa), FLT3-ITD is partially retained in the 

endoplasmic reticulum as an immature underglycosylated form (130 kDa) due to 

inefficient folding [50].   

All signaling pathways activated by FLT3-ITD identified to date result in blocked 

myeloid differentiation and uncontrolled proliferation of cells expressing this mutant 
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receptor. FLT3-ITD downstream signaling induces translocation of the transcription 

factor FoxO3a from nucleus to cytoplasm, thus inhibiting expression of the pro-apoptotic 

genes Bim and p27Kip1 [51]. Additionally, cells expressing FLT3-ITD show reduced 

expression of transcription factors involved in myeloid development, including PU.1 and 

C/EBP [52]. Furthermore anti-apoptotic effects of FLT3-ITD are amplified many fold 

due to downstream signaling leading to inhibition of protein tyrosine phosphatases 

including SHP-1 [53]. In addition to the PI3-AKT and ERK1/2 signaling pathways, 

FLT3-ITD also activates downstream signaling through signal transducer and activator 

transcription 5 (STAT5). Phosphorylated STAT5 activated by FLT3-ITD dimerizes and 

translocates to the nucleus to activate transcription of diverse genes, including cyclin D1, 

Bcl-Xl, p21
WAF1/CIP1

, c-Myc and Pim-1 [54-60]. 

FLT3-ITD expression is increased in the CD34+/CD38-/CD123+ population, 

suggesting the presence of this mutation in leukemia stem cells (LSC) [61](101). 

Additionally CD34+ hematopoietic stem/progenitor cells (HSPCs) transduced with 

FLT3-ITD, show increased expression of Cyclin D3, c-Myc and Pim-1, and demonstrate 

increased survival and self-renewal. Finally, primary AML stem cell-enriched 

CD34+/38- cells do not engraft in immunocompromised mice in the presence of a FLT3 

inhibitor, thus establishing that FLT3-ITD mutations are present in LSCs and contribute 

to stem cell function [62].  

1.5.3 FLT3-ITD Prognosis 

Patients with AML with FLT3-ITD commonly achieve complete remission 

following induction chemotherapy, but they relapse rapidly and have short overall 

survival. Initial treatment consisting of intensive induction chemotherapy is known to 
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increase circulating levels of FLT3 ligand, thus stimulating regrowth of cells with FLT3-

ITD post chemotherapy, resulting in relapse. The median survival of AML patients with 

FLT3-ITD post first relapse is less than 5 months [63, 64]. Absence of wild-type FLT3 

receptor or a high mutant/wild type FLT3 allelic ratio worsens prognosis [65]. 

Additionally, the FLT3/ITD mutant allelic ratio is higher in patients at the time of 

relapse, compared to diagnosis [66, 67]. This may be due to deletion or point mutation of 

the wild-type allele or loss of one copy of chromosome 13 or 13q (where FLT3 resides), 

resulting in homozygosity for the mutation at the time of relapse and a corresponding 

increase in mutant/wild type allelic burden[68, 69].  

 Presence of FLT3-ITD is also closely associated with cytogenetic and molecular 

abnormalities including t(15;17), MLL gene rearrangement and NPM1 mutations[70]. 

NPM1 mutations are associated with a high rate of CR and prolonged event-free survival, 

but these effects are mitigated to a large extent by the presence of FLT3-ITD. Thus a 

genotype of mutated NPM1/FLT3-ITD qualifies as intermediate-risk (Table 1-6).  

1.5.4 Mechanisms of FLT3-ITD AML relapse 

Constitutive FLT3 signaling and increased survival signaling due to FLT3 ligand 

upregulation, along with genomic instability evidenced by new chromosomal 

abnormalities, are some of the mechanisms likely underlying the rapid relapses seen in 

AML patients with FLT3-ITD post remission. 

Cells expressing FLT3-ITD are also characterized by increased production of 

reactive oxygen species, compared to cells with WT-FLT3 receptor. Increased oxidative 

stress is a mechanistically associated with STAT5-mediated activation of the NADPH 
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oxidase RAC1 and inactivation of the tumor suppressor protein tyrosine phosphatase 

DEP-1/PTPRJ [71, 72]. Cells expressing FLT3-ITD also exhibit upregulation of 

components and activity of alternative non-homologous end-joining (Alt-NHEJ), an 

error-prone repair process, in relation to classical NHEJ repair components and activity 

[73]. Although the exact mechanism governing decreased expression of classical-NHEJ 

components is not clear, a likely mechanism is ROS-mediated increased dissociation of 

the classical NHEJ proteins Ku and DNA-PKC complex, since protein structures of both 

Ku and DNA-PKCs are sensitive to oxidative damage[74]. Increased oxidative stress, 

DNA double-strand breaks and activity of the error-prone Alt-NHEJ repair process in 

AML cells with FLT3-ITD may contribute to enhanced genomic instability, resulting in 

high rates of cytogenetic and structural changes at the time of relapse [71, 73].  

1.5.5 FLT3 inhibitors 

 FLT3 inhibitors are tyrosine kinase inhibitors that compete for the ATP-binding 

site in FLT3-ITD, thus inhibiting its phosphorylation and downstream signaling. A 

number of FLT3 inhibitors are currently in clinical development.   

There are currently two generations of FLT3 inhibitors, as shown in Table 1-7. 

First-generation inhibitors inhibit a wide range of Type III receptor tyrosine kinases 

(RTKs),  including KIT, platelet derived growth factor receptor (PDGFR), vascular 

endothelial growth factor receptor (VEGFR) and Janus kinase 2 (JAK2), and are less 

potent FLT3 inhibitors. As such, they have less clinical efficacy in FLT3-ITD AML 

patients with high allelic burden and may be associated with greater toxicity due to off-

target effects. In contrast, second-generation FLT3 inhibitors have been selected for their 
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activity against FLT3. They are highly selective for FLT3, thus resulting in overall better 

efficacy in FLT3-mutant AML and less toxicity due to off-target effects.  

Generation FLT3 Inhibitors 

First 

Sorafenib 

Midostaurin 

Sunitinib 

Lestaurtinib 

Second 

Quizartinib 

Crenolanib 

Gilteritinib 

 

Functionally, FLT3 inhibitors can also be divided into two classes, type I and type II. 

While type I inhibitors preferentially bind to the activated form of the kinase, thus 

exhibiting activity in cells with FLT3-ITD or D835 mutations. type II inhibitors 

preferentially bind to the inactive form of the kinase, thus exhibiting activity in cells with 

FLT3-ITD, but not D835 mutations. Resistance is often gained against type II inhibitors, 

including sorafenib and quizartinib, by development of activating D835 point mutations 

that prevent binding of drugs. In contrast, type I inhibitors such as midostaurin, crenolinib 

and gilteritinib, are effective against FLT3-ITD with activating point mutations that 

confer resistance to type II inhibitors. Despite clinical activity of FLT3 inhibitors, 

resistance to these inhibitors remains a problem, in that patients do not achieve remission, 

or rapidly relapse after initial response. Point mutations, most commonly at D835 and 

occasionally at F691, commonly arise during treatment with type II inhibitors, including 

sorafenib and quizartinib [75]. Other causes of resistance include increased secretion of 

FLT3 ligand following chemotherapy, which can mitigate the efficacy of FLT3 

Table 1-7: Generations of FLT3 inhibitors  
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inhibitors, and up-regulation of anti-apoptotic genes and down-regulation of pro-

apoptotic genes, including MCL-1[76].  

 

1.6 Pim-1 kinase 

As mentioned previously, FLT3-ITD downstream signaling induces expression of 

the proto-oncogene serine/threonine kinase Pim-1 kinase via STAT5 signaling, while 

FLT3-WT does not activate STAT 5 (Figure 1-1). Pim-1 stands for ‘Proviral integration 

site for Moloney murine leukemia virus’ and is implicated in induction of T-cell 

lymphomas in mice [77, 78]. Pim-1 belongs to the family of Pim kinase proteins that 

includes Pim-1, Pim-2 and Pim-3. The three kinases in this family have a highly unique 

consensus (>80%) sequence, ERPXPX. Pim-1 has two distinct isoforms, Pim-1S and 

Pim-1L, both transcribed from the Pim-1 gene, with different translation initiation sites. 

The two isoforms have distinct cellular function. Pim-1S, the shorter isoform (33 kDa), is 

predominantly expressed in the nucleus, while Pim-1L, the longer isoform (44 kDa), is 

expressed on the plasma membrane [79]. Presence of a proline-rich PXXP domain in the 

N-terminus distinguishes Pim-1L from Pim-1S. This extra motif also enables Pim-1L to 

interact with more proteins, thus conferring a broader signaling network and cascade. 

Crystal structure analysis shows that Pim-1 adopts a conformation that expands the ATP 

pocket for easy ATP access, resulting in a constitutively active conformation [80]. Thus 

biologic effect is regulated solely by expression, rather than by activation. 
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 Pim-1 is ubiquitously expressed in all tissues, with maximum expression in 

hematopoietic cells, followed by testes [79]. Pim-1 transcription is activated by multiple 

cytokines, including interleukin-2 (IL-2), IL-3 and IL-6, followed by signal transduction 

through the JAK/STAT pathway [81]. Dimerized STAT proteins act by binding to the 

promoter region of Pim-1 gene, inducing its transcription. Pim-1 kinase in turn 

phosphorylates and stabilizes SOCS1 and SOCS3, which bind activated JAK proteins and 

prevent activation of STAT proteins [82]. Thus Pim-1 forms a feedback loop with the 

JAK/STAT pathway, maintaining its activation and function. Stability of Pim-1 kinase is 

regulated by a highly conserved serine-threonine cellular protein phosphatase 2A (PP2A). 

PP2A binding dephosphorylates Pim-1, thus regulating its stability [83]. 

Dephosphorylated Pim-1 kinase is proteasomally degraded. Substrates phosphorylated by 

Pim-1 are involved in a wide range of activities, including cell cycle progression, cell 

proliferation, apoptosis and drug resistance (Table 1-8).  

 

 

Pim-1 MEDIATED 

ENHANCED 
Pim-1 SUBSTRATES 

Cell cycle 
p21, Cdc25C, p27, NuMA, C-TAK1, CKI, Cdc25A, 

Myc  

Cell survival BAD, Myc, ASK1, BCL2 

Cellular senescence CBX3, HP1ɣ 

Cell growth 4EPB2, eIF4E, PRAS40, TSC2  

Drug resistance BCRP, Pgp, eIF4B, FLT3-ITD 

Bone-marrow migration CXCR4 

Table 1-8: Pim-1 regulates multiple signaling pathways  
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Pim-1 is overexpressed in multiple solid and hematological malignancies, 

including prostate adenocarcinoma, pancreatic ductal carcinoma, gastric carcinoma, 

squamous cell carcinoma of the head and neck, mantle cell lymphoma, B-cell lymphoma 

and AML [84-88]. Moreover in cells with FLT3-ITD, Pim-1 phosphorylates FLT3-ITD 

and stabilizes it, enhancing FLT3-ITD signaling in a positive feedback loop (Figure 1-1) 

[89]. Given that Pim-1 kinase is constitutively activated downstream of FLT3-ITD and is 

a major contributor to the oncogenic activities of FLT3-ITD, Pim-1 kinase represents an 

attractive target in AML cells with this mutation. 

 

 

 

Figure 1-1: Pim-1 is upregulated downstream of FLT3-ITD  
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1.6.1 Pim kinase inhibitors 

A unique hinge region connects the activation and kinase loops of Pim-1 kinase. 

As a result, binding of ATP to Pim-1 kinase is distinctly different from ATP binding to 

other proteins, thus making it easier to identify selective inhibitors [80, 90, 91].  Presence 

of compensatory mechanisms between members of the Pim kinase family, Pim-1, -2 and 

-3,  suggests the utility of developing pan-Pim kinase inhibitors. The two main classes of 

Pim inhibitors are ATP-mimetic compounds that form hydrogen bonds with the hinge 

backbone and ATP-competitive compounds that form polar interactions with the lysine 

residue at the active site [92, 93]. Four Pim kinase inhibitors, listed below, have entered 

clinical trials to date. 

        

 

 

Figure 1-2: Chemical structures of Pim kinase inhibitors   
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1. SGI-1776 is an imidazo [1,2-b]pyridazine compound discovered as a dual FLT3 and 

Pim kinase inhibitor (Figure 1-2). Preclinical studies showed that SGI-1776 enhances 

apoptosis via Mcl-1 reduction in AML cell lines and primary cells with FLT3-ITD, as 

well as mouse xenograft models [94]. Similar effects were also seen in chronic 

lymphocytic leukemia and mantle cell lymphoma cell lines and primary samples [95, 

96]. However Phase I clinical trial testing SGI-1776 in relapsed/refractory leukemia 

was stopped due to toxicity in the form of cardiac QTc prolongation [97].   

2. AZD1208 is a benzylidene-1,3-thiazolidine-2,4-dione compound and a potent ATP-

competitive pan-Pim kinase inhibitor (Figure 1-2). DiscoverRx KINOMEscan 

competition binding assay against a panel of 442 kinases showed that AZD1208 was 

most potent in inhibiting Pim kinases. It did not inhibit either FLT3-WT or FLT3-

ITD. Additionally AZD1208 was 43-fold more potent in inhibiting Pim kinases as 

compared to CDK7, the next substrate seen in the kinome scan studies. AZD1208 is 

most potent in inhibiting Pim-1 kinase based on Ki (inhibitor constant) values, as well 

as IC50 (concentration that inhibits 50% response) values calculated using 5 mM ATP 

and the concentration of ATP that leads to half-maximal reaction velocity (Km) 

(Table 10) [98]. Similar results were also seen in a cell-based assay measuring the 

effect of AZD1208 on phosphorylation of the Pim substrate Bad by each Pim kinase 

(Table 1-9). In preclinical studies, AZD1208 inhibited AML cell growth by 

suppressing the ribosomal protein p70S6K, phosphorylation of 4E binding protein 1 

(4EBP1) and mRNA translation [98]. 
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3. PIM447, an aminopiperidine, pyridylcarboxamide compound, is a pan-Pim kinase 

inhibitor, inhibiting all three Pim kinases (Figure 1-2). Preclinically, it showed 

increased anti-tumor activity in an AML mouse xenograft model both as a single 

agent and in combination with chemotherapy [99]. Phase I clinical trial testing of 

PIM447 in relapsed/refractory leukemia and multiple myeloma has been completed. 

Currently patients are being recruited for Phase I safety and efficacy testing of PIM47 

in AML and high-risk myelodysplastic syndrome[100]. 

4. INCB053914 is an ATP-competitive pan-Pim kinase inhibitor. In preclinical studies, 

INCB053914 induced decreased proliferation of hematological cell lines including 

MM, AML, DLBCL, MCL and T-ALL. INCB053914 was also shown to 

synergistically induce apoptosis in combination with cytotoxic drugs in hematological 

cell lines [101].  A Phase I dose-escalation clinical trial of INCB053914 in subjects 

with advanced malignancies is currently in progress [102].  

 

 

Assay Pim-1 (nM) Pim-2 (nM) Pim-3 (nM) 

Ki 0.10 1.92 0.40 

Enzyme IC50 at Km 

ATP 

0.4 5.0 1.9 

Enzyme IC50 at 5mM 

ATP 

2.6 164 17 

Cell pBad IC50 10 151 102 

Table 1-9: Ki and IC50 values of AZD1208 
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SUMMARY AND GOALS OF THE STUDY 

FLT3 is expressed on normal hematopoietic stem and progenitor cells and is 

downregulated as cells mature. FLT3 is commonly mutated in AML cells, with presence 

of internal tandem duplications (FLT3-ITD) in almost 25% of AML patients. Presence of 

FLT3-ITD results in constitutive activation of the receptor and its downstream signaling 

pathways. AML patients with FLT3-ITD commonly achieve complete remission 

following induction chemotherapy, but they relapse rapidly and have short overall 

survival. The median survival of AML patients with FLT3-ITD post first relapse is less 

than 5 months. Hence targeted therapies are currently being explored for treatment of 

AML patients with FLT3-ITD. A number of FLT3 inhibitors are currently in clinical 

trials in various phases as single agents and in combination regimens. Pim-1 kinase is a 

known oncogenic serine/threonine kinase and is a major contributor to the oncogenic 

activities of FLT3-ITD. Thus Pim-1 kinase represents an attractive target in AML cells 

with FLT3-ITD. In this study we have explored the potential of Pim kinase inhibition 

using the pan-Pim kinase inhibitor AZD1208 in AML cells with FLT3-ITD. 

We and others have found that AZD1208-mediated inhibition of Pim kinase 

induces a cytostatic, as opposed to a cytotoxic, effect in AML cells [103]. Our laboratory 

has shown that Pim kinase inhibition using AZD1208 enhances apoptosis induction by 

FLT3 inhibitors in AML cell lines and primary cells with FLT3-ITD, as well as in 

xenograft mouse models. Mechanistically, enhanced apoptosis was mediated by 

increased proteasomal degradation of Mcl-1, associated with downregulation of the Mcl-

1 deubiquitinase USP9X [104].  
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The goal of is the work presented here was to study the effect of Pim kinase 

inhibition on apoptosis induction by chemotherapy drugs used to treat AML, including 

the nucleoside analog cytarabine and the topoisomerase 2 inhibitors daunorubicin, 

mitoxantrone and etoposide, in AML cells with FLT3-ITD. Also, we aimed to determine 

the mechanistic pathways regulating enhanced apoptosis induction by Pim kinase 

inhibitor in conjunction with chemotherapy drugs in our model system.  
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CHAPTER 2: PIM KINASE INHIBITION SENSITIZES FLT3-ITD ACUTE 

MYELOID LEUKEMIA CELLS TO TOPOISOMERASE 2 INHIBITORS 

THROUGH INCREASED DNA DAMAGE AND OXIDATIVE STRESS 

This chapter is published in Oncotarget 2016, July 26;7(30): 48280-48295 

A. ABSTRACT 

Internal tandem duplication of fms-like tyrosine kinase-3 (FLT3-ITD) is frequent 

(30 percent) in acute myeloid leukemia (AML), and is associated with short disease-free 

survival following chemotherapy. The serine threonine kinase Pim-1 is a pro-survival 

oncogene transcriptionally upregulated by FLT3-ITD that also promotes its signaling in a 

positive feedback loop. Thus inhibiting Pim-1 represents an attractive approach in 

targeting FLT3-ITD cells. Indeed, co-treatment with the pan-Pim kinase inhibitor 

AZD1208 or expression of a kinase-dead Pim-1 mutant sensitized FLT3-ITD cell lines to 

apoptosis triggered by chemotherapy drugs including the topoisomerase 2 inhibitors 

daunorubicin, etoposide and mitoxantrone, though not by the nucleoside analog 

cytarabine. AZD1208 sensitized primary AML cells with FLT3-ITD to topoisomerase 2 

inhibitors, but did not sensitize AML cells with wild-type FLT3 or remission bone 

marrow cells, supporting a favorable therapeutic index. Mechanistically, the enhanced 

apoptosis observed with AZD1208 and topoisomerase 2 inhibitor combination treatment 

was associated with increased DNA double-strand breaks and increased levels of reactive 

oxygen species (ROS), and co-treatment with the ROS scavenger N-acetyl cysteine 

rescued FLT3-ITD cells from AZD1208 sensitization to topoisomerase 2 inhibitors. Our 

data support testing of Pim kinase inhibitors with topoisomerase 2 inhibitors, but not 

cytarabine, to improve treatment outcomes in AML with FLT3-ITD. 
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B. INTRODUCTION 

Acute myeloid leukemia (AML) arises in hematopoietic stem/progenitor cells and 

is characterized by maturation arrest at the level of myeloid blasts [1]. The class III 

receptor tyrosine kinase fms-like tyrosine kinase-3 (FLT3) is expressed on normal 

hematopoietic stem/progenitor cells and its signaling is activated by binding of FLT3 

ligand [24, 26, 27]. FLT3 is expressed on AML cells in 70-100 percent of cases [48], and 

internal tandem duplication (ITD) within the FLT3 juxtamembrane domain, conferring 

constitutive kinase activation [40], is present in 30 percent [41].
 
 

Patients with AML with FLT3-ITD have poor outcomes with current therapies. 

Initial treatment of AML consists of remission induction chemotherapy, including 

combinations of cytotoxic drugs, most commonly the nucleoside analog cytarabine 

(AraC) and an anthracycline topoisomerase 2 inhibitor, either daunorubicin (DNR) or 

idarubicin [13]. Other chemotherapy drugs active in AML include the topoisomerase 2 

inhibitors mitoxantrone (MXR) and etoposide (VP-16) [13]. Post-remission therapy 

consists of additional chemotherapy, most commonly high-dose AraC, and/or allogeneic 

hematopoietic stem cell transplantation (alloSCT) [13]. However, FLT3-ITD AML 

patients relapse rapidly following chemotherapy and also following alloSCT [63, 64]. 

Given the high incidence of FLT3-ITD mutations and their adverse prognostic 

significance, efforts have been directed toward developing targeted agents that inhibit 

FLT3 signaling. To date, FLT3 inhibitors used as single agents have limited and transient 

clinical activity [105-107]. Thus, inhibition of other key molecular targets in the FLT3-

ITD pathway is currently being explored. 
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 The Pim kinases Pim-1, Pim-2 and Pim-3 are a family of serine/threonine kinases 

involved in the regulation of multiple cellular functions including cell cycle, 

proliferation, apoptosis and drug resistance [38, 84-88, 108-111]. Pim-1 is 

transcriptionally upregulated by FLT3-ITD-generated signals and directly contributes to 

the proliferative and anti-apoptotic activity of FLT3-ITD [56]. Moreover Pim-1 

phosphorylates and stabilizes FLT3-ITD, thereby promoting FLT3 signaling in a positive 

feedback loop [89, 112]. Thus, Pim-1 represents an attractive therapeutic target in AML 

with FLT3-ITD. Small molecules that inhibit Pim kinases have entered early phase 

clinical trials [94, 100, 102]. 

Our laboratory showed that concurrent treatment with the pan-Pim kinase 

inhibitor AZD1208 significantly enhances apoptosis induction by FLT3 inhibitors in cells 

with FLT3-ITD, in association with synergistic post-translational downregulation of the 

anti-apoptotic protein Mcl-1 [104]. Here, we sought to determine the effect of Pim kinase 

inhibition on apoptosis induction by chemotherapy drugs in cells with FLT3-ITD. We 

focused on chemotherapy drugs used to treat AML, including the topoisomerase 2 

inhibitors DNR, MXR and VP-16 and the nucleoside analog AraC. 
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C. MATERIALS AND METHODS  

1. Cell lines 

Ba/F3 and 32Dcl3 cells are murine lymphoid and myeloid progenitor cells. Ba/F3 and 

32Dcl3 cells stably transfected with human FLT3-ITD serve as a pure system to study 

effect of treatments on cells with this receptor. FLT3-ITD- and FLT3-WT-transfected 

Ba/F3 cells (Ba/F3-ITD and Ba/F3-WT; kind gift of Dr. M. Levis, Johns Hopkins 

University School of Medicine, Baltimore, MD) [113] and 32Dcl3 cells (32D-ITD and 

32D-WT) [71] were used. Additionally to test the effect on human cells, human AML 

cell lines MV4-11 (homozygous for FLT3-ITD) and MOLM-14 (heterozygous for FLT3-

ITD) [114] were used and maintained in RPMI 1640 with 10 percent fetal bovine serum 

(FBS). Ba/F3-WT and 32D-WT cell cultures were supplemented with 10 ng/ml IL-3, due 

to the cytokine dependence of these cells [59, 60]. 

2. Infection of Ba/F3-ITD cells with kinase-defective mutant Pim-1 

 Ba/F3-ITD cells were infected with pMX-Flag-K67M kinase-defective (KD)Pim-

1 and empty pMX retroviral vectors, as previously described [115, 116]. Cells were 

collected 24 hours after infection and cultured for 96 hours with puromycin for selection. 

Increased Pim-1 protein expression in cells infected with (KD)Pim-1 was confirmed by 

immunoblotting.  

3. Patient samples 

Mononuclear cells were isolated by density centrifugation over Ficoll-Paque (Sigma-

Aldrich, St Louis, MO) from bone marrow or blood of 6 AML patients at diagnosis and 

bone marrow from 3 patients in remission on a University of Maryland Baltimore 

Institutional Review Board-approved protocol. Cells were studied without prior 

http://www.sigmaaldrich.com/catalog/search?interface=All&term=Ficoll-Paque
http://www.sigmaaldrich.com/catalog/search?interface=All&term=Ficoll-Paque
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crypreservation. Primary FLT-3-ITD and FLT3-WT AML cells and remission bone 

marrow were cultured in RPMI 1640 with 10 percent FBS, without additional cytokine 

supplementation. 

4. Materials 

     The pan-Pim kinase inhibitor AZD1208 was provided by AstraZeneca (Waltham, 

MA). AZD1208 was used at 1 μM based on phase I clinical trial data [117] and inhibition 

of Bad phosphorylation at serine 112 as a pharmacodynamic endpoint [118]. DNR, 

MXR, VP-16, AraC and N-acetyl cysteine (NAC) (Sigma-Aldrich) were dissolved in 

phosphate buffered saline solution or DMSO (less than 0.05 percent) as per the 

manufacturer’s recommendations.  

5. Cell proliferation assay 

Cultured cells were collected at 24, 48 and 72 hours and live cells were counted after 

trypan blue dye exclusion.  

6. Cytotoxicity assay 

Cytotoxicity was measured using the WST colorimetric assay, as previously 

described [119]. Briefly, 5,000 log-phase cells per well were incubated in 100 µL 

complete medium with chemotherapy drugs at increasing concentrations in 96-well plates 

for 48 hours. The tetrazolium salt WST-1 (Roche Diagnostics, Indianapolis, IN) was then 

added, cells were incubated for 2 to 4 hours and metabolically active cells were measured 

spectrophotometrically at 450 nM. IC50 values were determined by non-linear curve 

fitting to dose-response curves, using Prism V (GraphPad, La Jolla, CA).  
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7. Cell cycle analysis 

Cells collected at 24, 48 and 72 hours were fixed in ethanol, treated with DNase-free 

RNase, stained with propidium iodide (PI) for 15 minutes and analyzed on a FACSCanto 

II flow cytometer (BD Biosciences, San Jose, CA). Percentages of cells in different cell 

cycle phases were determined using FlowJo software (Tree Star, Inc., Ashland, OR) 

8. Measurement of apoptosis by Annexin V staining 

Apoptosis was measured by flow cytometric detection of Annexin V-FITC and PI 

(experiments with MXR and VP-16) or Annexin V-APC and IR dye (experiments with 

DNR and AraC), as previously described [119]. 

9. Measurement of mitochondrial membrane potential 

       Mitochondrial membrane potential (MMP) was measured using the MitoProbe™ JC-

1 Assay Kit (Life Technologies, Grand Island, NY). Briefly, cells were incubated with 

JC-1 dye at 37
o
C for 30 minutes, and median red fluorescence was measured on a 

FACSCanto II and analyzed using FlowJo.  

10. Measurement of cytoplasmic cytochrome c 

Cytoplasmic cytochrome c was measured with the FlowCellect
TM

 Cytochrome c kit 

(EMD Millipore, Billerica, MA). Briefly, cells were permeabilized, fixed, blocked and 

incubated with anti-Cytochrome c-FITC for 30 minutes. Samples were acquired on a 

FACSCanto II and analyzed using FlowJo.  

11. Measurement of caspase 3 activation 

Cleaved caspase 3 was measured with the FITC Active Caspase 3 Apoptosis Kit (BD 

Pharmingen, San Jose, CA). Briefly, cells were permeabilized, fixed and incubated with 
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FITC-labeled anti-Active Caspase 3 for 30 minutes. Samples were acquired on a 

FACSCanto II and analyzed using FlowJo.  

12. Immunoblotting  

Cells were lysed in RIPA buffer (Sigma-Aldrich) with protease and phosphatase 

inhibitors (Roche Applied Science, Indianapolis, IN) and whole cell lysates were 

subjected to immunoblotting as previously described [119]. Primary antibodies to  poly 

(ADP-ribose) polymerase (PARP), Mcl-1, Pim-1 (Cell Signaling Technology, Danvers, 

MA), ɣH2AX (EMD Milipore) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (Calbiochem, San Diego, CA) were used. Densitometry was performed with 

VisionWorks LS Image Acquisition and Analysis Software (UVP, Upland, CA).  

13. Measurement of reactive oxygen species 

Reactive oxygen species (ROS) were measured using the redox-sensitive dye CM-

H2DCFDA (Invitrogen, Grand Island, NY). To control for altered dye retention due to 

cell division, another aliquot of cells was simultaneously labeled with carboxyfluorescein 

succinimidyl ester (CFSE) dye (eBioscience, San Diego, CA) [120]. Briefly, cells were 

labeled with CFSE for 24 hours or with CM-H2DCFDA for 30 minutes and treated with 

chemotherapy drug and/or AZD1208 or DMSO control. Cells were harvested at 8, 24, 48 

and 72 hours and fluorescence was measured on a FACSCanto II and analyzed using 

FlowJo. Divergence in the CFSE and CM-H2DCFDA curves at serial time points 

indicates altered ROS generation.  

http://www.sigmaaldrich.com/catalog/search?interface=All&term=Ficoll-Paque
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14. Statistical analysis 

Statistical analysis was performed by two-way ANOVA with post hoc Bonferroni 

testing, using GraphPad Prism V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 
 

D. RESULTS 

1. Pharmacologic or genetic inactivation of Pim-1 enhances the growth inhibitory 

and pro-apoptotic effects of topoisomerase 2 inhibitors in FLT3-ITD cell lines 

and primary AML cells 

To determine whether inhibition of Pim-1 kinase by the pan-Pim kinase inhibitor 

AZD1208 enhances the growth inhibitory and pro-apoptotic effects of chemotherapy 

drugs in FLT3-ITD AML cells, the IC50 concentrations of DNR, MXR, VP-16 and AraC 

in FLT3-ITD- and FLT3-WT-expressing cell lines were first measured using the WST 

colorimetric assay (Table 2-1). Treatment of Ba/F3-ITD cells with DNR or, to a lesser 

extent, MXR or VP-16 as single agents at their IC50 concentrations, or AZD1208 at 1 

µM, resulted in a time-dependent inhibition of cell proliferation that was enhanced upon 

co-treatment with AZD1208 (Figure 2-1A left, Figure 2-2A). Decreased cell growth 

following combination treatment as compared to single-agent treatment was a synergistic 

effect, with a CI value of 0.6 (data not shown). Moreover, AZD1208 enhancement of 

topoisomerase 2 inhibitor effect was seen preferentially in FLT3-ITD cells, as the effect 

of AZD1208 and DNR co-treatment on Ba/F3-WT cell growth was more modest (Figure 

2-1A, right).  

To determine whether the effect of concurrent treatment with Pim kinase inhibitor 

and topoisomerase 2 inhibitors on growth of Ba/F3-ITD cells was cytotoxic or cytostatic, 

effects on cell cycle and on induction of apoptosis were studied. While AZD1208 did not 

alter cell cycle as a single agent (Figure 2-2B top), it increased the cytotoxic effect of 

topoisomerase 2 inhibitors, as demonstrated by a significant (P<0.0001) increase in 

percentage of Ba/F3-ITD cells in the sub-G1 fraction (Figure 2-1B, Figure 2-2B 
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bottom). In contrast, Ba/F3-WT cells co-treated with AZD1208 and DNR, relative to 

DNR alone, showed only a modest (P<0.05) increase in sub-G1 cells (Figure 2-1B). 

AZD1208 significantly (P<0.0001) increased topoisomerase 2 inhibitor-induced 

apoptosis in Ba/F3-ITD, 32D-ITD, MV4-11 and MOLM-14 cells, measured by Annexin 

V staining (Figure 2-1C, left, Figure 2-2C,D, left). Increased apoptosis occurred in a 

time-dependent manner, with a small increase at 24 hours, followed by a progressive 

increase at 48 and 72 hours in Ba/F3-ITD cells co-treated with AZD1208, compared to 

topoisomerase 2 inhibitor alone (Figure 2-1C, right, Figure 2-2C,D, right). Ba/F3-WT 

and 32D-WT cells were less sensitive than Ba/F3-ITD and 32D-ITD cells to apoptosis 

induction by AZD1208 and DNR (Figure 2-1C, left).  

 

  
IC

50 
(nM) 

Cell line FLT3 DNR VP-16 MXR AraC 

Ba/F3-ITD ITD 7.7 21.9 32 392.4 

Ba/F3-WT WT 8.5 ND ND ND 

32D-ITD ITD 2.8 58.4 43.2 321.8 

32D-WT WT 2 ND ND ND 

MOLM-14 ITD 7.1 75 220 275.7 

MV4-11 ITD 38.3 34.3 36.3 4900 

 
Table 2-1. Chemotherapy drug cytotoxicity. FLT3-ITD-expressing cells, including 

Ba/F3-ITD, 32D/ITD, MV4-11 and MOLM-14, and FLT3-WT-expressing cells, 

including Ba/F3-WT and 32D-WT, were incubated with topoisomerase 2 inhibitors or 

AraC at increasing concentrations. Absorbance was measured after addition of WST-1 

reagent. IC50 values are shown in Table S1. 
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Figure 2-1. Pim kinase inhibitor sensitizes FLT3-ITD cells to apoptosis induction 

by topoisomerase 2 inhibitors. A,B. Ba/F3-ITD and Ba/F3-WT cells were cultured 

with AZD1208 and/or DNR A. AZD1208 and topoisomerase 2 inhibitor co-

treatment abrogates growth of Ba/F3-ITD cells. Viable cells were counted at 24, 48 

and 72 hours. A lesser effect was seen in Ba/F3-WT cells co-treated with AZD1208 

and DNR. Means + S.E.M. of triplicate experiments are shown. B. Sub-G1 Ba/F3-

ITD cells increase with AZD1208 and topoisomerase 2 inhibitor co-treatment. 
Cells were fixed and stained with propidium iodide and percentages of cells in 

different phases of the cell cycle were analyzed. In contrast to findings in Ba/F3-ITD 

cells, co-treatment with AZD1208 and DNR, relative to DNR alone, very modestly 

increased sub-G1 Ba/F3-WT cells. Means + S.E.M. of triplicate experiments are 

shown. C. AZD1208 and topoisomerase 2 inhibitor co-treatment increases 

Annexin V labeling in FLT3-ITD cells. FLT3-ITD cells, including Ba/F3-ITD, 32D-

ITD, MOLM14 and MV4-11, and FLT3-WT cells, including Ba/F3-WT and 32D-

WT, were cultured with AZD1208 and/or DNR, and apoptosis was measured at 48 

hours by flow cytometric analysis of Annexin V-APC and IR dye. Time-dependent 

effects of DNR and AZD1208 are shown on the right. Means + S.E.M. of triplicate 

experiments are shown. *P<0.05, ****P<0.0001 
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The effect of combined Pim kinase inhibitor and chemotherapy drugs on primary 

bone marrow and blood cells from AML patients (Table 2-2) was then studied. Co-

treatment of FLT3-ITD-expressing primary AML cells with 1 µM AZD1208 caused a 

significant (P<0.01) concentration-dependent increase in apoptosis induction by 

topoisomerase 2 inhibitors (Figure 2-3A, Figure 2-2C,D, left). In contrast, co-treatment 

with AZD1208 did not sensitize primary AML patient cells with FLT3-WT (Figure 2-

3B) or remission bone marrow cells (Figure 2-3C) to apoptosis induction by 

topoisomerase 2 inhibitors. Of note, while cells from Patient 5 and 6, with FLT3-WT 

AML, showed close to maximum induction of apoptosis with DNR alone at 100 nM and 

500 nM, respectively, lack of enhanced apoptosis in the presence of AZD1208 was seen 

at the lower DNR concentrations tested (Figure 2-3B). 

 

 

Figure 2-2. Pim kinase inhibitor sensitizes FLT3-ITD cells to apoptosis induction 

by topoisomerase 2 inhibitors. Ba/F3-ITD cells were cultured with AZD1208 and/or 

VP-16 and MXR. A. AZD1208 and topoisomerase 2 inhibitor co-treatment 

abrogates growth of Ba/F3-ITD cells. Viable cells were counted as described in 

Figure 1A. Means + S.E.M. of triplicate experiments are shown. B. AZD1208 and 

topoisomerase 2 inhibitor co-treatment increases sub-G1 Ba/F3-ITD cells. 

Percentages of cells in different phases of the cell cycle were measured as described 

for Figure 1B. Means + S.E.M. of triplicate experiments are shown. ****P<0.0001 

C,D. AZD1208 and topoisomerase 2 inhibitor co-treatment increases Annexin V 

labeling in FLT3-ITD cells. FLT3-ITD cells, including Ba/F3-ITD, 32D-ITD, 

MOLM14 and MV4-11 were cultured with AZD1208 and/or VP-16 (C) or MXR (D), 

and apoptosis was measured at 48 hours by flow cytometric analysis of Annexin V-

APC and IR dye. Time-dependent effects of VP-16 (C) or MXR (D) and AZD1208 are 

shown on the right. Means + S.E.M. of triplicate experiments are shown. *P<0.05, 

****P<0.0001 

 

 



39 
 

 

 

 

 

 

Patient Sample Time 
point 

Age/ 
sex Karyotype 

FLT3-
ITD 

allelic 
burden 

(%) 
FLT3-ITD 

     
1 PB Diagnosis 61F 

44-47,X,-

X,add(1)(p36.1),add(9)(q34),+13,+1

-2mar 
62 

2 BM Diagnosis 20F 46,XX 61 
3 PB Diagnosis 41F 46,XX 8 

FLT3-WT 
     

4 PB Diagnosis 78F 48,XX,+2mar N/A 

5 BM Diagnosis 43F 
48-

50,XX,+2,t(6;10)(p21;q26),t(11;19)(

q23;p13.3),+20,+21 
N/A 

6 BM Diagnosis 78M 47,XY,+8 N/A 
Remission 

     
7 BM Remission 52M 46,XY N/A 
8 BM Remission 38M 46,XY N/A 
9 BM Remission 67F 46,XX N/A 

Table 2-2: Clinical characteristics of AML patients whose samples were studied 
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Figure 2-3. Pim kinase inhibitor sensitizes FLT3-ITD primary AML patient 

samples, but not FLT3-WT AML or remission samples, to apoptosis induction by 

topoisomerase 2 inhibitors. Mononuclear cells from bone marrow or peripheral blood 

of A. patients with AML expressing FLT3-ITD or B. patients with AML expressing 

FLT3-WT or C. remission bone marrow mononuclear cells, were treated with 

AZD1208 and/or DNR. Apoptosis was measured at 48 hours by analysis of Annexin 

V-APC and IR dye labeling. *P<0.05, **P<0.005, ****P<0.0001 
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To confirm that sensitization of FLT3-ITD cells to topoisomerase 2 inhibitors by 

AZD1208 is due to Pim kinase inhibition, rather than to off-target effects, Ba/F3-ITD 

cells expressing kinase-dead (KD) mutant Pim-1[115, 116] (Figure 2-4, inset) were 

studied. DNR-induced apoptosis was significantly (P<0.0001) greater in Ba/F3-ITD cells 

expressing KD mutant Pim-1, compared to empty vector (Figure 2-4).  

                

 

 

 

 

 

 

Figure 2-4. FLT3-ITD cells with kinase-dead mutant Pim-1 kinase are 

sensitized to apoptosis induction by topoisomerase 2 inhibitor. Ba/F3-ITD cells 

stably expressing kinase-dead (KD) mutant Pim-1 protein or empty vector were 

treated with DNR. Total cell lysates were resolved by SDS-PAGE and 

immunoblotted with Pim-1 and GAPDH primary antibodies. Increased expression 

of the Pim-1 44 kDa and 33 kDa isoforms was seen in Ba/F3-ITD cells expressing 

KD mutant Pim-1 protein (inset). Apoptosis was measured by analysis of Annexin 

V-APC and IR dye labeling. Means + S.E.M. of triplicate experiments are shown. 

****P<0.0001  
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2. Inhibition of Pim-1 kinase does not sensitize FLT3-ITD cells to AraC-induced 

apoptosis 

In contrast to findings with topoisomerase 2 inhibitors, AZD1208 did not enhance the 

growth inhibitory activity of AraC in Ba/F3-ITD cells, and actually modestly protected 

cells from AraC-induced growth suppression (Figure 2-5A). Consistent with this lack of 

enhanced growth suppression, co-treatment with AZD1208 did not sensitize Ba/F3-ITD, 

32D-ITD, MV4-11 or MOLM-14 cells to apoptosis induction by AraC, infact Ba/F3-ITD 

were modestly protected from apoptosis induction by AraC (Figure 2-5B). Moreover co-

treatment of FLT3-ITD-expressing primary AML cells with 1 µM AZD1208 did not 

increase AraC-induced apoptosis (Figure 2-5B). Similarly, AraC-induced apoptosis of 

Ba/F3-ITD cells was not enhanced in cells expressing the Pim-1 KD mutant, and was 

actually modestly decreased, in relation to empty vector control cells (Figure 2-5C). 
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Figure 2-5. Pim kinase inhibitor does not sensitize cells expressing FLT3-ITD to 

apoptosis induction by AraC. A. AZD1208 does not enhance AraC suppression of 

Ba/F3-ITD cell growth. Ba/F3-ITD cells were cultured with AZD1208 and/or AraC 

and viable cells were counted at 24, 48 and 72 hours. Means + S.E.M. of triplicate 

experiments are shown. B. AZD1208 and AraC co-treatment does not increase 

Annexin V labeling in FLT3-ITD cells. FLT3-ITD cells, including Ba/F3-ITD, 32D-

ITD, MOLM-14 and MV4-11 and mononuclear cells harvested from peripheral blood 

of a patient with AML expressing FLT3-ITD, were cultured with AZD1208 and/or 

AraC. Apoptosis was measured at 48 hours by analysis of Annexin V-APC and IR 

dye. Means + S.E.M. of triplicate experiments are shown. C. FLT3-ITD cells with 

kinase-dead mutant Pim-1 kinase are not sensitized to apoptosis induction by 

AraC. Ba/F3-ITD cells stably expressing kinase-dead (KD) mutant Pim-1 protein or 

empty vector were treated with AraC. Apoptosis was measured by analysis of 

Annexin V-APC and IR dye. Means + S.E.M. of triplicate experiments are shown. 

**P<0.005, ***P<0.0005, ****P<0.0001 
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3. Pim kinase inhibitor enhances apoptosis of FLT3-ITD cells by topoisomerase 2 

inhibitors via intrinsic cell death signaling 

We then sought to determine whether enhanced apoptosis induction in FLT3-ITD 

cells by Pim kinase and topoisomerase 2 inhibitor co-treatment occurs via the intrinsic or 

the extrinsic cell death pathway. Co-treatment with AZD1208 and topoisomerase 2 

inhibitors caused significantly (P<0.0001) greater decrease of mitochondrial membrane 

potential (MMP) (Figure 2-6A,D,E) and greater release of cytochrome c into the 

cytoplasm (Figure 2-6A,D,E), relative to topoisomerase 2 inhibitors alone, consistent 

with increased intrinsic cell death signaling. Additionally co-treatment with AZD1208 

and DNR, compared to DNR alone, caused more pronounced cleavage of caspase 3 and 

its substrate PARP (Figure 2-6A,B ). Increased caspase 3 cleavage was also seen in 

Ba/F3-ITD cells co-treated with AZD1208 and VP-16 or MXR (Figure 2-6D,E). 

Moreover, enhanced caspase 3 cleavage was blocked and apoptosis was decreased by co-

incubation with the pan-caspase inhibitor Z-VAD FMK (P<0.0001) (data not shown) 

highlighting the role of caspase activation in enhanced apoptosis induction by AZD1208 

and topoisomerase 2 inhibitor co-treatment.  

While we previously showed that enhanced apoptosis of FLT3-ITD cells co-

treated with AZD1208 and FLT3 inhibitors is associated with downregulation of the anti-

apoptotic protein Mcl-1 [104], Mcl-1 levels decreased similarly in Ba/F3-ITD cells 

treated with DNR with and without AZD1208 (data not shown), indicating that decreased 

Mcl-1 expression is not the mechanism for the combination effect. Expression of other 

pro-apoptotic and anti-apoptotic proteins, including Bad, Bim, Bax, Bak, Bcl-xl and 

Bcl2, also did not differ significantly (data not shown).  
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Additionally, co-treatment with AZD1208 did not enhance AraC-induced loss of 

MMP, cytochrome c release or caspase 3 cleavage in Ba/F3-ITD cells, and actually 

modestly protected from AraC-induced loss of MMP (P<0.0001) (Figure 2-6C) and 

decreased cytochrome c release (P<0.01) (Figure 3-5C) and caspase 3 cleavage (P<0.01) 

(Figure 2-6C).  
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E.

Figure 2-6. Pim kinase inhibitor and topoisomerase 2 inhibitor co-treatment 

increases intrinsic cell death signaling in FLT3-ITD cells. A. AZD1208 and 

topoisomerase 2 inhibitor co-treatment induces loss of mitochondrial membrane 

potential (MMP), increase in cytoplasmic cytochrome c and cleavage of caspase 3. 

Ba/F3-ITD cells cultured with AZD1208 and/or DNR were collected at 48 hours. To 

measure MMP, cells were incubated with JC-1 dye and median red fluorescence was 

measured. To measure cytoplasmic cytochrome c and caspase 3 cleavage, cells were 

permeabilized, fixed, blocked and incubated with FITC-labeled anti-Cytochrome c and 

FITC-labeled anti-Active Caspase 3, respectively. Means + S.E.M. of triplicate 

experiments are shown. B. AZD1208 and topoisomerase 2 inhibitor co-treatment 

increases PARP cleavage. Ba/F3-ITD cells were cultured with AZD1208 and/or 

DNR. Total cell lysates were resolved by SDS-PAGE and immunoblotted with PARP 

and GAPDH primary antibodies. Representative immunoblots are shown. C. Co-

treatment with AZD1208 does not increase intrinsic cell death signaling induced 

by AraC.  Ba/F3-ITD cells were cultured with AZD1208 and/or AraC. MMP, 

cytoplasmic cytochrome c and caspase 3 cleavage were measured as described above. 

Means + S.E.M. of triplicate experiments are shown. **P<0.01, ****P<0.0001.  
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4. Pim kinase inhibitor enhances induction of DNA damage and ROS generation 

by topoisomerase 2 inhibitors, but not by AraC, in cells with FLT3-ITD  

Topoisomerase 2 inhibitors stabilize the topoisomerase 2 enzyme during DNA 

replication, thereby causing collapse of the replication fork, which results in DNA 

double-strand breaks (DSBs) and subsequent cell death [121, 122]. Phosphorylated 

histone H2AX (ɣ-H2AX), a marker for DNA DSBs [123] increased more than two-fold 

within 8 hours of concurrent treatment of Ba/F3-ITD cells with AZD1208 and 

topoisomerase 2 inhibitors, relative to topoisomerase 2 inhibitors alone, with subsequent 

sustained increase (Figure 2-7A). DNA damage induces oxidative stress, which leads to 

further DNA damage, creating a positive feedback loop that triggers cell death [124, 

125][31,32]. AZD1208 and topoisomerase 2 inhibitor combination treatment caused 

minimal induction of ROS in Ba/F3-ITD cells up to 24 hours, followed by a two-fold 

increase at later time points, relative to treatment with topoisomerase 2 inhibitors alone 

(Figure 2-8A). Pretreatment of Ba/F3-ITD cells with the ROS scavenger NAC reduced 

ROS induction (Figure 2-8B, right), as expected, and decreased induction of ɣ-H2AX 

expression by the combination treatment (Figure 2-8B, left). Moreover, apoptosis was 

markedly attenuated when Ba/F3-ITD cells were treated with NAC before AZD1208 and 

topoisomerase 2 inhibitor combination treatment (P<0.001) (Figure 2-8C). Finally, the 

lack of potentiation of AraC-induced apoptosis by Pim kinase inhibition reflects reduced 

AraC-mediated DNA damage (Figure 2-9A) and lack of increased ROS generation 

(Figure 2-9B) with concurrent AZD1208 treatment. 
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Figure 2-7. Pim kinase inhibitor enhances induction of DNA damage topoisomerase 

2 inhibitors in cells with FLT3-ITD. Concurrent treatment with Pim kinase 

inhibitor and topoisomerase 2 inhibitor increases DNA double-strand breaks.  

Ba/F3-ITD cells were treated with AZD1208 and/or DNR (A) or VP-16 (B) or MXR (C) . 

Total cell lysates were resolved by SDS-PAGE and immunoblotted with ɣ-H2AX and 

GAPDH primary antibodies. Densitometry was performed and intensities at serial time 

points were plotted relative to pre-treatment levels, defined as 1. Representative 

immunoblots are shown.  
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Figure 2-8. Pim kinase inhibitor enhances induction of ROS by topoisomerase 2 

inhibitors in cells with FLT3-ITD. A. Concurrent treatment with Pim kinase 

inhibitor and topoisomerase 2 inhibitor increases ROS induction. Ba/F3-ITD cells 

incubated with CM-H2DCFDA and CFSE dyes to measure intracellular ROS (solid lines) 

and cell proliferation (dashed lines), respectively, were treated with AZD1208 and/or 

topoisomerase 2 inhibitors. Fluorescence normalized to DMSO at serial time points was 

plotted relative to pre-treatment levels, defined as 1. Greater CM-H2DCFDA fluorescence 

(solid lines) than CFSE fluorescence (dashed lines) indicates ROS generation. Means + 

S.E.M. of triplicate experiments are shown. B. The ROS scavenger NAC decreases 

DNA double-strand breaks induction by AZD1208 and DNR co-treatment. Ba/F3-

ITD cells were treated with AZD1208 and/or DNR in the presence and absence of NAC. 

(left) Total cell lysates were resolved by SDS-PAGE and immunoblotted with ɣ-H2AX 

and GAPDH primary antibodies. Densitometry was performed and intensities at serial 

time points were plotted relative to pre-treatment levels, defined as 1. (right) ROS 

induction was measured using CM-H2DCFDA dye C. The ROS scavenger NAC 

attenuates apoptosis induction by AZD1208 and topoisomerase 2 inhibitor co-

treatment. Ba/F3-ITD cells were treated with AZD1208 and/or DNR in the presence and 

absence of NAC. Apoptosis was measured by flow cytometric analysis of Annexin V and 

PI or IR dye labeling. Fold apoptosis at serial time points was plotted relative to apoptosis 

at 24 hours, defined as 1. Means + S.E.M. of triplicate experiments are shown (right).  
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Figure 2-9. Pim kinase inhibitor does not enhance induction of DNA damage 

and ROS generation by AraC in cells with FLT3-ITD. A. Concurrent treatment 

with Pim kinase inhibitor and AraC does not increase DNA double-strand 

breaks.  Ba/F3-ITD cells were treated with AZD1208 and/or AraC. DNA DSBs 

were measured as explained in Figure 2-7. B. Concurrent treatment with Pim 

kinase inhibitor and AraC does not increase ROS induction. Ba/F3-ITD cells 

were treated with AZD1208 and/or AraC. ROS was measured as mentioned in Figure 

2-8A. Means + S.E.M. of triplicate experiments are shown. 
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E. DISCUSSION  

Patients with AML with FLT3-ITD generally achieve remission following induction 

chemotherapy, but they have a high relapse rate and short disease-free survival [13, 126]. 

As responses to FLT3 kinase inhibitors used as single agents are incomplete and 

transient,[105-107] additional targets in the FLT3-ITD signaling pathway are being 

explored as a basis for novel therapies. Because of the central role of Pim-1 in FLT3-ITD 

signaling [89, 112], and the ability of Pim kinase inhibitors to sensitize FLT3-ITD AML 

cells to FLT3 inhibitor-induced apoptosis[104], we investigated the effects of Pim kinase 

inhibition on apoptosis induction by chemotherapy drugs in FLT3-ITD AML cells. We 

focused on chemotherapy drugs used to treat AML, including the topoisomerase 2 

inhibitors DNR, VP-16 and MXR and the nucleoside analog AraC [13]. We used Ba/F3 

as our main cell system to evaluate the differential effect of inhibiting Pim kinase in cells 

expressing FLT3-ITD (Ba/F3-ITD) vs FLT3-WT (Ba/F3-WT), and subsequently studied 

another paired set of cell lines, 32D-ITD and 32D-WT, human cell lines and, importantly, 

primary AML cells. Ba/F3-WT and 32D-WT cells were cultured with interleukin-3 (IL-

3) due to their cytokine dependence, while Ba/F3-ITD and 32D-ITD cells are cytokine-

independent. Ba/F3-ITD cells were also studied in the presence of IL-3, with no effect on 

apoptosis induction by topoisomerase 2 inhibitor and AZD1208 treatment (data not 

shown). Primary FLT3-ITD and FLT3-WT AML cells and remission bone marrow cells 

were cultured under similar conditions, with FBS only, without additional cytokine 

supplementation.  

While the Pim kinase inhibitor AZD1208 had minimal cytotoxic effects as a single 

agent, consistent with findings in previous work [98], when combined with 
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topoisomerase 2 inhibitors it increased intrinsic apoptosis signaling in FLT3-ITD cells, 

leading to enhanced apoptosis. In contrast, AZD1208 did not sensitize FLT3-ITD cells to 

induction of apoptosis by AraC. Sensitization to topoisomerase 2 inhibitors, but not to 

AraC, was also seen in Ba/F3-ITD cells expressing kinase dead mutant Pim-1, 

confirming Pim kinase inhibition, rather than off-target effects, as the mechanism for the 

effect of AZD1208 on topoisomerase 2 inhibitor-induced apoptosis. Sensitization to 

topoisomerase 2 inhibitors was also seen in FLT3-ITD AML patient samples, but not in 

FLT3-WT AML patient samples or AML remission bone marrow samples. Lack of 

sensitization of AML remission bone marrow samples suggests a favorable therapeutic 

index relative to normal hematopoietic cells.  

Pim kinases promote survival of cancer cells through effects on multiple cellular 

processes, including proliferation, cell cycle and apoptosis [108-111, 118]. The likely 

existence of compensatory mechanisms among the three isoforms of Pim kinase, Pim-1, 

Pim-2 and Pim-3, supports the utility of developing pan-Pim kinase inhibitors [127]. Four 

Pim kinase inhibitors have entered clinical trials to date. SGI-1776  which inhibits both 

Pim kinase and FLT3, showed clinical activity in phase I testing in AML, but is no longer 

in development due to excessive QT prolongation [97]. AZD1208, the ATP-competitive 

pan-Pim kinase inhibitor used in our work here, had clinical activity at well tolerated 

doses in phase I clinical testing in AML [98] but clinical development was discontinued 

due to highly variable pharmacokinetics and time-dependent decrease in exposure 

(personal communication). PIM447, previously LGH447 [100], and INCB53914 [102], 

both pan-Pim kinase inhibitors, are currently in clinical trials. We have subsequently also 
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demonstrated enhanced apoptosis of FLT3-ITD cells treated with PIM447 in combination 

with topoisomerase inhibitors [128]. 

Inhibition of Pim kinase sensitizes FLT3-ITD cell lines and primary AML cells to 

induction of apoptosis by topoisomerase 2 inhibitors through enhanced DNA damage and 

increased oxidative stress. Increase in DNA DSBs was seen at 8 hours of co-treatment in 

the absence of increased ROS, followed by progressive induction of ROS and further 

DNA DSBs. Based on the kinetics of DNA DSB and ROS induction, the initial small 

increase in apoptosis at 24 hours in FLT3-ITD cells co-treated with AZD1208 and 

topoisomerase 2 inhibitors is attributable to increased DNA DSBs, which then induce 

oxidative stress and further DNA damage, causing the subsequent marked progressive 

increase in apoptosis. Protection of Ba/F3-ITD cells treated with the ROS scavenger 

NAC from increased apoptosis induction by combined Pim and topoisomerase 2 inhibitor 

treatment proves the key role of ROS induction in enhanced apoptosis. 

Increased oxidative stress plays a key role in apoptosis induction by many 

chemotherapy drugs and small molecules [129-132]. In particular, the topoisomerase 2 

inhibitors studied here are known to induce oxidative stress [133, 134]. Cellular DNA 

damage also increases oxidative stress [135], mediated at least in part by the p53 or 

H2AX/Nox1/Rac1 pathway [136]. Increased oxidative stress in turn oxidizes DNA base 

pairs, inducing DNA strand breaks and thereby creating a positive feedback loop [124, 

125] leading to greater oxidative stress. Moreover, Pim kinase triple-knockout cells were 

recently reported to have increased levels of ROS, sensitizing them to K-Ras-induced cell 

killing [137].  
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The role of ROS in FLT3-ITD AML is complex. FLT3-ITD cells have high baseline 

ROS levels [71] which are associated with increased DNA damage. DNA damage is 

repaired by the error-prone alternative non-homologous end-joining (alt-NHEJ) pathway, 

resulting in genomic instability and disease progression [71, 73]. High levels of ROS in 

FLT3-ITD cells also inactivate the protein tyrosine phosphatase DEP-1/PTPRJ through 

oxidation of the DEP-1 catalytic cysteine, and DEP-1/PTPRJ inactivation contributes to 

cell transformation by FLT3-ITD [72]. On the other hand, we have shown that inhibition 

of Pim kinases sensitizes cells with FLT3-ITD to apoptosis induction by topoisomerase 2 

inhibitors through increased ROS generation, in that marked increase in ROS is seen and 

enhanced apoptosis induction is inhibited by co-incubation with the ROS scavenger 

NAC. We hypothesize that increased baseline ROS levels in FLT3-ITD cells may 

sensitize them to ROS-dependent enhanced apoptosis by Pim kinase inhibitor and 

topoisomerase 2 inhibitor co-treatment. Recent work by several groups has focused on 

susceptibility of AML cells [138] and AML stem cells [138, 139] to oxidative stress, but 

this work has not focused on AML with FLT3-ITD in particular.  

Inhibition of Pim kinase might also increase the DNA DSBs induced by 

topoisomerase inhibitors by decreasing DNA DSB repair. Topoisomerase 2 inhibitors 

induce DNA damage by stabilizing the topoisomerase 2:DNA complex, which causes 

disruption of the replication fork, leading to DNA DSBs. DNA DSBs induced by 

topoisomerase 2 inhibitors are repaired by the homologous recombination (HR) and 

classical NHEJ pathways [140, 141]. Doxorubicin-induced DNA damage was 

significantly increased in lymphoma cell lines exposed to a Pim kinase inhibitor, in 

association with significant downregulation of the DNA DSB response proteins H2AX, 
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ATM and Chk2 [142]. Similarly, inhibition of Pim kinase in T-cell lymphoma cells 

downregulated genes involved in DNA repair, including XRCC2 (HR), XRCC5 (encoding 

Ku80, in the NHEJ pathway), and ERCC8 (nucleotide excision repair) [127]. Pim kinase 

inhibition was also found to potentiate paclitaxel-induced apoptosis through decreased 

repair via the NHEJ pathway, with inhibition of ATM, DNA-PKcs and Ku activity and/or 

expression [143]. Notably, cells with FLT3-ITD exhibit downregulation of classical 

NHEJ, and upregulation of the alt-NHEJ pathway, which is error-prone [71, 73]. The role 

of Pim-1 kinase in alt-NHEJ in FLT3-ITD cells is unknown. Further studies will address 

whether co-treatment with Pim kinase inhibitor decreases repair of DNA DSBs induced 

by topoisomerase 2 inhibitors, and identify the relevant repair pathways. 

Potentiation of topoisomerase 2 inhibitor-induced apoptosis by Pim inhibition was 

much greater in cells with FLT3-ITD than in cells with FLT3-WT. Upregulated Pim-1 

expression [56], higher baseline ROS levels and increased genomic instability in FLT3-

ITD cells relative to FLT3-WT cells, likely explain this difference in sensitivity. 

Moreover lack of sensitization of remission bone marrow cells may predict that 

concurrent treatment with Pim kinase and topoisomerase 2 inhibitors in the clinical 

setting will be associated with a favorable therapeutic index for FLT3-ITD AML cells in 

relation to normal hematopoietic cells. 

Inhibition of Pim kinase did not sensitize cells with FLT3-ITD to AraC, and actually 

modestly decreased induction of apoptosis by AraC. The lack of sensitization correlated 

with reduced DNA DSBs and lack of induction of ROS in FLT3-ITD cells co-treated 

with the Pim inhibitor and AraC. This is likely due to slower proliferation of FLT3-ITD 

cells in response to Pim inhibition, which in turn decreases the fraction of cells in S-



61 
 

phase, thereby decreasing the efficacy of AraC which must be incorporated into DNA in 

S-phase. 

These preclinical studies suggest that concurrent treatment with a Pim kinase 

inhibitor has the potential to sensitize AML cells with FLT3-ITD to the cytotoxic effects 

of topoisomerase 2 inhibitors, but not AraC. We have previously also demonstrated 

enhanced apoptosis of FLT3-ITD AML cells concurrently treated with Pim kinase 

inhibitors and FLT3 inhibitors [104]. Together, our data support the potential efficacy of 

combining Pim kinase inhibitors with topoisomerase-2 inhibitors and with FLT3 

inhibitors, likely administered sequentially, in novel treatment regimens for FLT3-ITD 

AML. 
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CHAPTER 3: EFFECT OF PIM KINASE INHIBITION ON REPAIR OF DNA 

DOUBLE-STRAND BREAKS INDUCED BY TOPOISOMERASE-2 INHIBITOR 

CHEMOTHERAPY DRUGS IN CELLS WITH FLT3-ITD 

 

A. ABSTRACT 

Internal tandem duplication in fms-like tyrosine kinase-3 receptor (FLT3-ITD) is present 

in acute myeloid leukemia (AML) cells in 30% of patients. The serine/threonine kinase 

Pim-1 is transcriptionally upregulated downstream of FLT3-ITD and contributes to its 

proliferative and anti-apoptotic effects. We recently demonstrated that Pim kinase 

inhibition sensitizes FLT3-ITD AML cells to apoptosis induction by topoisomerase 2 

inhibitors. Mechanistically, enhanced apoptosis is associated with increased induction of 

DNA double-strand breaks (DSBs) and increased oxidative stress. In mammalian cells, 

DSBs are repaired by homologous recombination (HR), classical non-homologous end 

joining (C-NHEJ) and the more recently identified alternative NHEJ (Alt-NHEJ). Here, 

we studied whether alteration in the DSB repair response contributes to enhanced 

apoptosis following co-treatment with Pim kinase and topoisomerase 2 inhibitors. We 

observed significant decrease in nuclear expression of many repair proteins including 

Rad51(HR), Ku70(C-NHEJ) and DNA ligase 3 (Alt-NHEJ) following co-treatment with 

Pim and topoisomerase 2 inhibitors as compared to topoisomerase 2 inhibitor alone. We 

measured functional changes in DSB repair activities using the GFP-based DSB repair 

reporter constructs DR-GFP, EJ5-GFP and EJ2-GFP in Ba/F3-ITD cells. We observed 

Pim inhibition mediated abrogation in Alt-NHEJ activity induced by DNR, but no change 

in C-NHEJ or HR activity. We also confirmed the abrogation in Alt-NHEJ following co-
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treatment with Pim and topoisomerase 2 inhibitors is functionally relevant and not due to 

shut down of repair pathway. Overall our work aims to provide insight into novel 

mechanisms by which Pim kinase inhibition sensitizes FLT3-ITD cells to topoisomerase 

2 inhibitors chemotherapy drugs and to develop strategies to enhance these effects. 
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B. INTRODUCTION 

The fms-like tyrosine like kinase-3 (FLT3) receptor is normally expressed on 

stem/progenitor hematopoietic cells and its expression is lost as hematopoietic cells 

mature [24, 26]. FLT3 is also expressed on leukemic blasts in 70-100 percent of acute 

myeloid leukemia (AML) patients [48]. Internal tandem duplication (ITD) in the FLT3 

receptor (FLT3-ITD), resulting in its constitutive activation [40], is present in AML cells 

in 30 percent of patients [41]. These patients relapse rapidly following initial response to 

chemotherapy, as well as following allogeneic hematopoietic stem cell transplantation 

(alloSCT), and they have short overall survival (OS) [13]. Induction chemotherapy, 

usually including combinations of the cytotoxic drugs cytarabine (AraC) and 

topoisomerase 2 inhibitors, continues to be first-line therapy for AML [13].  To date 

agents targeting FLT3 signaling, or FLT3 inhibitors, have had limited and transient 

clinical activity [76, 106]. Thus, in addition to FLT3 inhibitors, drugs targeting other 

signaling molecules in FLT3-ITD pathways are being explored. 

The Pim kinases, Pim-1, Pim-2 and Pim-3, are a family of serine/threonine 

kinases that are involved in regulating multiple cellular functions, including proliferation, 

cell cycle progression and apoptosis [108-111]. Pim kinases are overexpressed in diverse 

solid and hematological malignancies, including prostate and pancreatic cancers, multiple 

myeloma and AML. In particular, Pim-1 is transcriptionally upregulated downstream of 

FLT3-ITD [56] and also phosphorylates and stabilizes FLT3 and thus promotes FLT3 

signaling in a positive feedback loop in cells with FLT3-ITD [89, 112]. Thus small 

molecules that target Pim kinases are attractive therapeutic agents for AML with FLT3-

ITD. 
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We previously demonstrated that Pim kinase inhibition enhances apoptosis 

induction by topoisomerase 2 inhibitor chemotherapy drugs in cells with FLT3-ITD 

[144]. Mechanistically, co-treatment with Pim kinase inhibitor increased topoisomerase 2 

induction of DNA double strand breaks (DSBs) and generation of reactive oxygen 

species (ROS), resulting in further accumulation of DNA DSBs. DNA DSBs, which are 

potentially lethal events, activate multiple repair pathways [144]. In mammalian cells 

DNA DSBs are repaired by two distinct repair mechanisms, homologous recombination 

(HR) and non-homologous end joining (NHEJ), including both classical and alternative 

NHEJ [145].  

HR repair occurs in the S and G2 phases of the cell cycle. This pathway utilizes 

the complementary strand of the sister chromatid as a template for repair, thus making 

repair highly accurate and error-free. Key proteins mediating HR include BRCA1, 

BRCA2 and RAD51[145]. HR is activated by many factors, including chemotherapy 

drugs such as cisplatin and mitomycin C, ultraviolet (UV) radiation and unrepaired 

single-strand breaks that result in collapse of the replication fork [146, 147].  C-NHEJ 

repair occurs throughout the cell cycle, but is the major repair pathway in the G0, G1 and 

S phases [145]. This pathway mediates repair by directly ligating the ends of DSBs, 

which creates the potential for small deletions, insertions and other structural errors at the 

repair site [148] . C-NHEJ repair is initiated by the Ku proteins Ku70/86, followed by 

recruitment of the DNA-dependent protein kinase catalytic subunit (DNA-PKc) [145]. A 

recently elucidated alternative form of NHEJ DNA-DSB repair, Alt-NHEJ, is mediated 

by DNA ligase-3, PARP1, XRCC1 and DNA polymerase ø, rather than the C-NHEJ 

factors Ku70/86 and DNA-PKc [149]. As in HR, but not C-NHEJ, repair via Alt-NHEJ 
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includes DNA end resection, a step involving nucleolytic degradation of 5’ strands to 

produce 3’single strand overhangs. Exposure of short sequences of microhomologies 

following end resection initiates Alt-NHEJ repair [150]. Because Alt-NHEJ repair is 

microhomology-mediated, it is characterized by large DNA deletions and chromosomal 

translocations, and therefore leads to genomic instability. Importantly, both human AML 

cell lines expressing FLT3-ITD and murine bone marrow cells transfected with FLT3-

ITD, exhibit reduced levels of the C-NHEJ component Ku proteins and upregulated 

expression of the Alt-NHEJ component DNA ligase 3, associated with increased Alt-

NHEJ repair activity [71].  

     Topoisomerase 2 facilitates DNA replication by generating incisions on both 

DNA strands, inducing DNA DSBs that aid passage of the replicating DNA duplex [151, 

152]. In this process, phosphotyrosyl bonds are formed between topoisomerase 2 and 

DNA, resulting in formation of transient topoisomerase 2-DNA adducts. Reversal of 

these bonds destabilizes adducts, releasing topoisomerase 2 from DNA [153, 154]. 

However topoisomerase 2 inhibitors, including daunorubicin (DNR), etoposide (VP-16) 

and mitoxantrone (MXR), stabilize the topoisomerase 2-DNA adduct, resulting in 

persistent DNA DSBs and blockade of replication, leading to cell death [155]. Multiple 

DNA damage response (DDR) proteins, including ATM kinase, ATR, CHK1 and CHK2 

[142], are activated in response in DNA damage induced by topoisomerase 2 inhibitors. 

DNA repair pathways HR, C-NHEJ and nucleotide excision repair (NER) are known to 

contribute to cell survival following exposure to topoisomerase 2 inhibitors  [140, 141, 

156]. Impairing the DDR sensitizes cancer cells to induction of apoptosis. 
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Pim kinases have been shown to regulate both the DDR and DNA damage repair 

in different cell types. Pim-1 knockdown in hormone-refractory prostate cancer cells 

enhances apoptosis induction by paclitaxel, in association with inhibition of C-NHEJ 

repair activity via inhibition of activity of the C-NHEJ component DNA-PKc and 

reduction of nuclear expression of Ku proteins and decrease in their ability to bind DNA 

DSBs [143]. In peripheral T-cell lymphoma cells, inhibition of Pim-1 kinase resulted in 

reduced expression of diverse DNA repair proteins, including ERCC8, which is involved 

in nucleotide excision repair (NER), a DNA single-strand repair process, XRCC2 (HR) 

and XRCC5 (C-NHEJ) [127]. Moreover silencing Pim-3 expression caused decreased 

activation of the DDR protein ATM and its downstream targets in pancreatic cancer cells 

[157]. Thus there is strong evidence that Pim kinases play a role in regulating the DDR 

and DNA repair.  

Here we sought to determine whether the accumulation of DNA DSBs seen in 

FLT3-ITD-expressing cells following co-treatment with Pim kinase and topoisomerase 2 

inhibitors, in relation to topoisomerase inhibitors alone, is due at least in part to inhibition 

of DNA repair pathways. 
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C. MATERIALS AND METHODS 

1. Cell lines 

 FLT3-ITD- and FLT3-WT-transfected BaF3 cells (Ba/F3-ITD and Ba/F3-WT; 

kind gift of Dr. M. Levis, Johns Hopkins University School of Medicine, Baltimore, 

MD)[142] were maintained in RPMI 1640 with 10 percent fetal bovine serum (FBS), 

supplemented with 10 ng/ml interleukin-3 for Ba/F3-WT. 

2. Materials 

The pan-Pim kinase inhibitor AZD1208 was provided by AstraZeneca (Waltham, 

MA). AZD1208 was used at 1 μM based on phase I clinical trial data [117] and inhibition 

of Bad phosphorylation at serine 112 as a pharmacodynamic endpoint[118]. The 

topoisomerase 2 inhibitor DNR (Sigma-Aldrich) was dissolved in dimethylsulfoxide 

(DMSO) as per the manufacturer’s recommendations. DMSO concentrations were less 

than 0.05 percent in all experiments. 

The DNA DSB repair reporters EJ2-GFP, EJ5-GFP and DR-GFP were used to 

measure Alt-NHEJ, C-NHEJ and HR activities, respectively (Figure 3-1).  

EJ5-GFP plasmid: This plasmid consists of a green fluorescent protein (GFP) cassette 

that is separated from its promoter by a puromycin resistance gene that is flanked by two 

sites that can be cleaved by the bacterial endonuclease I-SceI. Thus, GFP is inactive in 

absence of I-SceI, but I-SceI creates the two DSBs. which undergo end-joining largely by 

C-NHEJ, which results in restoration of GFP expression that can be measured by flow 

cytometry. Thus GFP is a functional measure of C-NHEJ activity [158]. 

EJ2-GFP plasmid: This plasmid consists of a cassette in which an N-terminal tag is fused 

to the GFP. The GFP is inactive due to a disruption by an I-SceI site that is followed by 
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stop codons in all three reading frames. The I-SceI site and the stop codons are flanked 

by eight nucleotides of microhomology that induce Alt-NHEJ annealing of the I-SceI-

induced DSB. This in turn results in restoration of GFP expression that can be detected 

by flow cytometry as a functional measure of Alt-NHEJ activity [158].   

DR-GFP plasmid: This plasmid contains a SceGFP cassette that is inactive due to 

interruption by the presence of an I-SceI site and a 5’ and 3’ truncated form of GFP 

(iGFP). A DSB created in the SecGFP cassette by I-SceI is repaired by HR using iGFP as 

the template. This results in activation of GFP expression that can be detected by flow 

cytometry as a functional measure of HR activity [158].    

 

 

 

I-SceI plasmid: The I-SceI plasmid used for lentivirus production was obtained from 

VectorBuilder (Santa Clara, CA) (Figure 3-2). The plasmid consists of a coding region 

for ISceI and mChery,which serves as an internal control, that are both regulated by the 

Obtained from Schumacher AJ, Mohni KN, Kan Y, Hendrickson EA, Stark JM, Weller 

SK (2012) PLOS Pathogens 

Figure 3-1:  Schematic of repair reporters used to measure HR, C-NHEJ and Alt-NHEJ 

activity 
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common promoter EF1A. This plasmid was used to prepare I-SceI lentivirus using the 

second-generation packaging system. 

 

 

3. Assays for DNA double-strand break repair   

Ba/F3-ITD cells were nucleofected with linearized EJ2-GFP (restriction enzyme 

HpaI), EJ5-GFP (restriction enzyme XhoI) and circular DR-GFP, and stable integrants 

were selected using puromycin (1ug/ml) treatment. Single-cell clones of each cell line 

expressing EJ5-GFP, EJ2-GFP and DR-GFP were obtained by serial dilution in 96-well 

plates. Reporter cell line clones underwent two rounds of transduction with I-SceI 

lentivirus in the presence of polybrene (8 ug/ml) to induce DSBs in the repair reporter. 

Cells transduced with I-SceI were treated with 1uM AZD1208 and/or 10 nM 

daunorubicin. Functional changes in HR, C-NHEJ or Alt-NHEJ DSB repair activity were 

measured at 24 and 36 hours by determining percentages of GFP-positive cells by flow 

cytometry.  

 

Figure 3-2:  Schematic of I-SceI plasmid used for preparing I-SceI lentivirus  
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4. Immunoblotting  

Nuclear lysates obtained using NE-PER
TM

 Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Fischer Scientific, Waltham, MA) were subjected to immunoblotting 

as previously described. Primary antibodies to  p-DNA-PKc, DNA-PKc, XRCC1 and 

DNA polymerase ø (Abcam, Cambridge, United Kingdom), Rad-51 (Santa Cruz 

Biotechnology, Santa Cruz, CA), Ku-70 and PARP (Cell Signaling Technology, Danvers, 

MA) and DNA ligase-3 (BD Biosciences, San Jose, CA) were used. Antibodies to the 

nuclear protein histone H-3 (Cell signaling Technology) and the cytoplasmic protein 

growth factor receptor-bound protein 2 (GRB2) (BD Bioscience, San Jose, CA) were 

used as controls in analyses of nuclear and cytoplasmic expression of repair proteins. 

Densitometry was performed with VisionWorks LS Image Acquisition and Analysis 

Software (UVP, Upland, CA).  

5. Statistical analysis 

Statistical analysis was performed by two-way ANOVA with post hoc Bonferroni 

testing, using GraphPad Prism V. 
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D. RESULTS 

1. Pim inhibitor and topoisomerase 2 inhibitor combination treatment alters 

expression of proteins mediating DNA DSB repair in cells expressing FLT3-ITD  

We have previously shown greater than two-fold increase in DNA DSBs in cells 

with FLT3-ITD treated with Pim and topoisomerase 2 inhibitors, in relation to 

topoisomerase 2 inhibitors alone. We hypothesized that the increase in DNA DSBs might 

result at least in part from downregulation of DDR and/or DNA repair proteins. As an 

initial approach to testing this hypothesis, we studied expression of proteins involved in 

DNA damage repair. Since DNA repair activities occur in the nucleus, nuclear expression 

or repair proteins, as opposed to cytoplasmic or whole cell expression was studied. 

Ba/F3-ITD cells were treated with AZD1208 and/or the topoisomerase 2 inhibitor DNR 

and nuclear expression of key proteins mediating HR (Rad51), C-NHEJ (pDNA-PKc, 

Ku70) and Alt-NHEJ (DNA ligase 3) was measured. Despite more than two-fold greater 

DNA DSBs 24 hours post combination treatment, compared to DNR alone, there was a 

significant decrease in nuclear expression of Rad51 (by 50%), Ku70 (by 20%) and DNA 

ligase 3 (by 20%) (Figure 3-3), while no significant change was seen in expression of p-

DNA-PKc. Efficacy of nuclear extraction was verified by expression of the nuclear 

protein H-3 and minimal to insignificant expression of the cytoplasmic protein GRB-2 

(Figure 3-3). 

 



73 
 

 

 

 

 

 

2. Drug treatments do not alter expression of I-SceI post lentiviral transduction 

To investigate functional effects of combined Pim and topoisomerase 2 inhibitor 

treatment on DNA repair activities, we used the intra-chromosomally integrated plasmid 

reporter system that measures HR, C-NHEJ and Alt-NHEJ activities following DSB 

induction by I-SceI transduction. We used an mCherry-tagged I-SceI plasmid as a control 

to measure I-SceI transduction efficiency and expression during lentivirus preparation. 

Both I-SceI and mCherry are regulated by the common mammalian promoter human 

elongation factor-1 alpha (EF1a), such that expression of mCherry correlates with 

expression of I-SceI post transduction. Therefore we measured mCherry expression to 

study the effect of treatment with DMSO, AZD1208 and/or DNR on I-SceI expression in 

Ba/F3-ITD cells with stably integrated repair reporters. Treatment with drugs or DMSO 

Figure 3-3:  Effect of Pim kinase and topoisomerase 2 inhibitors on DDR 

proteins. Ba/F3-ITD cells were treated with AZD1208 and/or DNR for 24 hours. 

Nuclear lysates were resolved by SDS-PAGE and immunoblotted with Ku70, DNA-

PKc, DNA ligase 3 and Rad51 antibodies. Representative immunoblots are shown. 

Densitometric analysis of two independent experiments is shown and percentage 

expression was plotted relative to pre-treatment levels, defined as 100% 
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control for 36 hours did not alter the percentage of mCherry-positive (mCh+) cells among 

Ba/F3-ITD cells expressing DR-GFP (Figure 3-4) or EJ2-GFP and EJ5-GFP (data not 

shown), measured by flow cytometry. Therefore I-SceI expression is not altered by drug 

treatments.  

           

 

 

 

 

 

 

 

 

Figure 3-4: Drug treatments do not alter expression of I-SceI post lentiviral 

transduction. Ba/F3-ITD cells with DR-GFP underwent two rounds of I-SceI 

transduction, followed by treatment with AZD1208 and/or DNR. Percentages of 

mCherry-positive (mCh+) cells were analyzed on a BD LSR II 36 hours post drug 

treatments. 
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3. Combined Pim inhibitor and decreases Alt-NHEJ repair of DNR-induced DNA 

DSBs in cells with FLT3-ITD. 

Having confirmed similar expression of I-SceI following drug treatments, we 

investigated the functional effects of Pim and topoisomerase 2 inhibitors on repair 

activity mediated by HR, C-NHEJ and Alt-NHEJ. Ba/F3-ITD cells with stably integrated 

DSB repair reporters were transduced with lentivirus expressing I-SceI and then treated 

with DMSO, AZD1208 and/or DNR. Cells were harvested at serial time points and effect 

of drug treatments on active repair activity, measured by presence of GFP-positive cells 

was studied by flow cytometry. DNR treatment induced DNA DSBs in Ba/F3-ITD cells, 

and resulted in 20-40% induction of Alt-NHEJ repair activity over 36 hours in these cells, 

without any change in C-NHEJ or HR repair activity (Figure 3-5). While Pim inhibition 

resulted in more than two-fold increase in DNR-induced DNA DSBs (Figure 2-7A), it 

completely abrogated the increase in DNR-induced Alt-NHEJ repair activity. (Figure 3-

5). No significant change in C-NHEJ or HR activity was seen in Ba/F3-ITD cells with co-

treatment with Pim inhibitor and DNR as compared to DNR treatment alone (Figure 3-

5).  
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Figure 3-5: Effect of Pim kinase and topoisomerase 2 inhibitors on DNA DSB 

repair pathways. Ba/F3-ITD cells with stable integration of DNA DSB reporters 

were used to measure Alt-NHEJ, C-NHEJ and HR. Cells were transduced with I-

SceI lentivirus and were treated with AZD1208 and/or DNR. Percentage of GFP+ 

cells were measured by flow cytometry.  Percentage GFP+ cells are plotted relative 

to pre-treatment levels, defined as 100%. Means + S.E.M. of triplicate experiments 

are shown. *P<0.05, ****P<0.0001 
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4. Abrogation of Alt-NHEJ repair activity is d not due to shutdown of repair 

pathway by overwhelming DNA damage 

Having seen the effect of co-treatment on Alt-NHEJ repair activity, we wanted to 

confirm that abrogation of DNR-induced Alt-NHEJ activity by Pim inhibitor is 

functionally relevant and not due to shut down of the repair pathway by overwhelming 

DNA damage. To test this, we studied the effect of increasing concentrations of DNR (5, 

10, 20nM) alone and 10nM DNR co-treated with AZD1208 (D10+AZD) on DNA DSBs 

and repair activity by Alt-NHEJ. We observed concentration-dependent increase in DNR-

induced DNA DSBs, as seen by ɣ-H2AX expression by immunoblotting (Figure 3-6). 

Moreover D10+AZD induced more than two-fold higher DNA DSBs than 20 nM DNR 

alone (Figure 3-6).  

In accordance with DNA damage, Alt-NHEJ repair activity induced by DNR alone 

increased in a concentration-dependent manner up to 10nM, but decreased at 20nM 

(Figure 3-6). As seen previously Alt-NHEJ activity induced by D10+AZD was lower 

than with 10nM DNR However despite more than two-fold greater DNA DSBs induced 

by D10+ AZD as compared to 20nM DNR alone, Alt-NHEJ activity was higher with 

D10+AZD when compared to that seen with 20nM DNR alone (Figure 3-6). These 

results suggest that decrease in Alt-NHEJ activity is not related to damage-induced shut 

down of repair pathway. 
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Figure 3-6: Concentration dependent effect of DNR on DNA DSBs and Alt-NHEJ 

activity. Ba/F3-ITD cells with EJ2-GFP were transduced with I-SceI lentivirus and 

treated with different concentrations of DNR alone and 10 nM DNR with AZD1208. 

DNA DSBs were measured by immunoblotting for ɣ-H2AX. Alt-NHEJ activity was 

measured by percentage of GFP+ cells by flow cytometry.  Percentage GFP+ cells are 

plotted relative to pre-treatment levels, defined as 100%. Means + S.E.M. of triplicate 

experiments are shown. **P<0.01 
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5. Combined Pim and topoisomerase 2 inhibitor treatment decreases expression of 

repair proteins mediating Al-NHEJ repair activity  

To study the mechanisms leading to decreased Alt-NHEJ activity in Ba/F3-ITD 

cells treated with Pim and topoisomerase 2 inhibitors, we studied nuclear expression of 

the Alt-NHEJ key proteins XRCC1, DNA ligase 3, DNA polymerase Ø and PARP. We 

observed presence of cleaved PARP, an apoptosis marker following combination 

treatment (data not shown). In addition there was a significant decrease in nuclear 

expression of XRCC1 and DNA ligase 3 following co-treatment with AZD1208 and 

DNR, as compared to DNR alone (Figure 3-7). In contrast, there was an increase in 

expression of DNA Polymerase Ø (Figure 3-7) 

 

 

 

 

 

 

 

Figure 3-7: Effect of Pim kinase and topoisomerase 2 inhibitors on central 

components of Alt-NHEJ. Ba/F3-ITD cells were treated with AZD1208 and/or DNR for 

24 hours. Nuclear lysates extracted and expression of XRCC1, DNA polymerase Ø and 

DNA ligase 3 was studied by immunoblotting. Representative immunoblots are shown. 

Densitometric analysis of two independent experiments is shown and percentage 

expression was plotted relative to pre-treatment levels, defined as 100% 
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E. DISCUSSION 

We previously showed that combination treatment with Pim inhibitors increases 

apoptosis induced by topoisomerase 2 inhibitors in AML cells with FLT3-ITD. Enhanced 

apoptosis is mechanistically associated with induction and accumulation of DNA DSBs, 

which lead to increased oxidative stress, resulting in apoptosis [144]. Here we sought to 

study the possible role of altered DNA repair mechanisms in enhancing DNA damage 

induction by topoisomerase 2 inhibitors in conjunction with Pim kinase inhibition in cells 

with FLT3-ITD. We demonstrated here that Pim kinase inhibition inhibits induction of 

Alt-NHEJ repair of topoisomerase 2 inhibitor-induced DNA DSBs in cells with FLT3-

ITD. In contrast, we observed no significant effect of Pim inhibition on C-NHEJ or HR 

induction by topoisomerase 2 inhibitors.  

Expression of FLT3-ITD is known to be associated with decreased expression of 

the C-NHEJ components DNA ligase 4 and Ku proteins and increased expression of the 

key Alt-NHEJ components including DNA ligase 3 and XRCC1. Repair activity 

mediated by Alt-NHEJ is also known to be up-regulated in cells with FLT3-ITD [73]. 

Additionally, new structural chromosome abnormalities including translocations, 

deletions and duplications are seen in AML with FLT3-ITD at the time of relapse, 

consistent with genomic instability [159]. Since Alt-NHEJ is a known dominant repair 

pathway in cells with FLT3-ITD, we hypothesize that it mediates repair of the DSBs 

induced by induction chemotherapy in AML cells with FLT3-ITD. Alt-NHEJ repair is 

error-prone and thus a putative mechanism of genomic instability, and a likely cause of 

relapse of FLT3-ITD AML with new structural chromosome abnormalities.  
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AML with FLT-ITD is highly resistant to treatment after relapse and patients have 

short overall survival [160]. Thus utilizing therapeutic measures that minimize induction 

of genomic instability may decrease the incidence of relapse and decrease treatment 

resistance at relapse. Our ongoing work involves studying copy number variations in the 

genome of FLT3-ITD-expressing cells treated with the Pim inhibitor AZD1208 and/or 

the topoisomerase 2 inhibitor daunorubicin. We hypothesize that treatment with 

topoisomerase 2 inhibitor alone increases the frequency of genomic variations, a 

characteristic of genomic instability, but that in the presence of Pim inhibitor, genomic 

instability induced by topoisomerase 2 inhibitors will be decreased.  

Future work will be aimed at studying mechanisms by which Pim kinase 

inhibition downregulates Alt-NHEJ repair activity induced by topoisomerase 2 inhibitors 

in FLT3-ITD cells. Of note, we demonstrated reduced nuclear expression of the key Alt-

NHEJ proteins XRCC1 and DNA ligase 3 in FLT3-ITD cells following co-treatment with 

Pim and topoisomerase 2 inhibitors. As nuclear XRCC1 is essential to stabilize  the 

ligation enzyme DNA ligase 3 [161], reduced expression of XRCC1 likely explains the 

decrease in nuclear expression of DNA ligase 3. Furthermore, phosphorylation by Pim 

kinase is known to alter stability of many of its substrates, including Socs-1, p21, Bad 

and FLT3-ITD [82, 89, 162]. Additionally, post-translational modifications of XRCC1, 

including phosphorylation and ubiquitylation, regulate XRCC1-mediated damage 

response [163]. Importantly, our collaborators have demonstrated that XRCC1 is a 

substrate of Pim-1 kinase (unpublished data), a likely explanation for decreased XRCC1 

expression in FLT3-ITD cells co-treated with Pim and topoisomerase 2 inhibitor.  

Moreover Pim-1 directly phosphorylates the oncogenic transcription factor c-Myc, thus 
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enhancing its stability [164] and altering expression of almost 20% of Myc-regulated 

genes including many oncogene [165].  Thus inhibiting Pim kinase has the potential of 

inhibiting transcription of Myc-regulated genes. Expression of DNA Ligase 3 and PARP, 

two of the key components of Alt-NHEJ, is regulated by c-Myc via miR-150 and miR-22 

[166]. Future work will be directed towards studying the effect of Pim inhibition alone 

and in combination with topoisomerase 2 inhibitors on c-Myc expression as a mechanism 

of downregulation of Alt-NHEJ.  

In additional work, we will also confirm the effect of Pim kinase and 

topoisomerase 2 inhibitor co-treatment on nuclear expression of Alt-NHEJ repair proteins 

in human cell lines and primary AML cells with FLT3-ITD using immunoblotting or 

Amnis imaging flow cytometry. Overall our work here suggests the potential of 

pharmacological inhibition of Pim kinases leads to accumulation of chemotherapy-

induced DNA damage in cells with FLT3-ITD, resulting in subsequent apoptosis, at least 

in part via inhibition of Alt-NHEJ. 
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CHAPTER 4: CONCLUSION & FUTURE DIRECTIONS 

Acute myeloid leukemia is an aggressive cancer of the bone marrow that is 

characterized by accumulation of immature myeloid cells. While the 5-year survival rate 

of AML patients has improved from 6.8% in 1980 to 26.6% in 2012 [3], continued efforts 

are focused on increasing overall survival. A key aspect of developing better therapeutic 

interventions for AML patients is to minimize the occurrence of relapse.  Novel therapies 

under investigation are frequently evaluated in patients who are not considered suitable 

for induction chemotherapy. These include older patients, patients with comorbidities and 

patients with refractory/relapsed AML. Novel therapies under investigation include 

agents targeting specific protein kinases and the microenvironment, epigenetic 

modulators and immunotherapies, among others (Table 4-1) [13]. Among these, FLT3 

inhibitors are an area of intense exploration, as they target AML with FLT3 mutations, 

which represent a large subset of AML with an unfavorable prognosis. 

Protein kinase 

inhibitors 

 FLT3 inhibitors 

 KIT inhibitors 

 PI3K.AKT/mTOR inhibitors 

Epigenetic 

modulators 

 New DNA methyltransferase inhibitors 

 Histone deacetylase inhibitors 

 IDH1 and IDH2 inhibitors 

Antibodies and 

immunotherapy 

 Monoclonal Ab against CD34, CD44, CD47, CD123 

 Immunoconjugates 

 Chimeric antigen-receptor (CAR) T-cells or genetically 

engineered T-cells (TCR) 

 Immune checkpoint inhibitors (PD-1/PD-L1, CTLA-4) 

 Vaccines (e.g. WT1) 

Targeting AML 

microenvironment 
CXCR4 and CXCL12 antagonists 

 
Table 4-1: Novel AML therapies in study  
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FLT3-ITD is present in leukemia cells of approximately 25% of AML patients. 

These patients relapse rapidly post chemotherapy and have short overall survival. FLT3 

inhibitors are currently being explored for their potential in treatment of AML patients 

with FLT3-ITD, including as monotherapy, in combination with hypomethylating agents 

and in combination with chemotherapy [167]. When used as monotherapy, FLT3 

inhibitors have had variable clinical activity and have failed to induce long-lasting 

remissions [107]. Combination of FLT3 inhibitors with hypomethylating agents including 

azacytidine and decitabine showed synergistic apoptosis in primary AML cells with 

FLT3-ITD [168]. Recent clinical trials of FLT3 inhibitor sorafenib combined with 

chemotherapy (SORAML) [169] and FLT3 inhibitor midostaurin combined with standard 

chemotherapy (RATIFY) [170] have shown promising results, although benefit has not 

been seen in other clinical trials.  

Despite some promising results, multiple resistance mechanisms are activated in 

cells with FLT3-ITD following exposure to FLT3 inhibitors, thus limiting clinical 

applicability. One of the commonly encountered resistance mechanisms is activation of 

bypass signaling pathways following FLT3 inhibition. For example, the tyrosine kinase 

SYK, which is present in cytosol, is commonly overactivated in cells with FLT3-ITD and 

has been implicated in inducing resistance to FLT3 inhibitors [171]. Another tyrosine 

kinase of interest is AXL. There is a marked increase in expression and activation of 

AXL in AML cells with FLT3-ITD treated with FLT3 inhibitors, which in turn 

contributes to resistance. Inhibiting AXL in these cells sensitizes them to FLT3 inhibitors 

[172]. Another kinase that is upregulated and contributes to resistance to FLT3 inhibitors 

in cells with FLT3-ITD is Pim-1, a serine/threonine kinase. Pim-1 is overexpressed 
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downstream of-STAT5 in cells with FLT3-ITD, and is also regulated by interleukins 

(ILs). Pim-1 kinase is known to play an important role in multiple cellular processes.  

Since ILs are commonly involved in immune system regulation, it is very likely 

that Pim kinases play a role in anti-tumor immune response. IL-6 is known to regulate 

transcription of both Pim-1L and Pim-1S, such that neutralizing antibody against IL-6 

reduces expression of Pim-1L and Pim-1S [173]. Additionally Pim-1 phosphorylates the 

transcription factor FOXP3 at Ser-422, thus preventing it from binding to chromatin and 

regulating expression of its target genes [174, 175]. Active FOXP3 is essential for 

differentiation of T regulatory cells (T regs) to effector T cells that are essential 

components of antitumor immunity [175]. Thus Pim kinase negatively impacts 

suppressive activity of T regs by inhibiting FOXP3. In vitro studies have shown that Pim 

kinase inhibition enhances suppressive ability of T regs, thus increasing the potential 

efficacy of antitumor immunotherapy [174]. These studies demonstrate the potential role 

of Pim-1 inhibition in immunotherapy. 

Multidrug resistance is a common mechanism which enables cancer cells to gain 

resistance to chemotherapy, and likely contributes to relapse. Two ATP-binding cassette 

(ABC) protein drug efflux pumps that commonly contribute to chemoresistance include 

breast cancer resistance protein (BCRP; ABCG2) and P-glycoprotein (Pgp; ABCB1). 

Pim-1 kinase is known to promote drug resistance in cancer cells by interacting with both 

BCRP and Pgp. Pim-1 phosphorylation at Thr-362 on BCRP causes BCRP to dimerize 

and translocate to the plasma membrane, thus enabling efficient efflux of drugs, 

contributing to drug resistance [176]. In addition, Pim-1 also phosphorylates and 
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stabilizes Pgp, preventing its degradation, [111] thereby increasing its surface expression 

and enhancing drug efflux ability. 

Another area of interest is the role of Pim-1 kinase in epigenetic regulation in 

cells. Pim-1 directly phosphorylates the oncogenic transcription factor c-Myc, thus 

enhancing its stability [164]. Overexpression of Pim-1 when combined with Myc has 

been shown to promote prostate cancer [177]. Pim-1 directly interacts with Myc and 

alters the epigenetic dynamics of almost 20% of Myc-regulated genes including many 

oncogene. Pim-1 also phosphorylates H3 at Myc binding site in turn enhancing Myc-

induced transformation of cells [165].  

Pim-1 kinase-mediated phosphorylation of CXCR4 at Ser-339 enhances its 

translocation to the plasma membrane while stabilizing it at the cell surface [178]. 

CXCR4 is known to enhance homing of cells in the bone marrow due to chemotaxis by 

CXCL12. Homing of leukemic blasts in the bone marrow makes them less accessible to 

chemotherapy drugs, thus contributing to the resistance of AML cells, while also 

increasing the likelihood of relapse due to regrowth of minimal residual disease. 

In addition to its role in cellular processes, the functional role of Pim-1 kinase in 

induction of oncogenic protein tyrosine kinase-mediated leukemia is well established. 

Mice transplanted with wild type or Pim2
-/-

 bone marrow cells, that retrovirally express 

FLT3-ITD, resulted in induction of lympho-myeloproliferative disease. In contrast, Pim-

1
-/-

 bone marrow cells expressing FLT3-ITD failed to reconstitute the lympho-

myeloproliferative disease in recipient mice due to inefficient homing of cells to the bone 

marrow and spleen. [179]. These results clearly re-emphasize the oncogenic role of Pim-1 

kinase in inducing FLT3-ITD-mediated leukemia 
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Thus targeting Pim kinase offers therapeutic potential, and Pim kinase inhibitors 

are currently being explored in many solid tumors, including hormone-refractory prostate 

cancer, head and neck cancer and pancreatic cancer, and hematological malignancies 

including multiple myeloma and AML.  The protein structure of Pim kinases differs from 

those of other kinases due to the presence of a unique hinge region. This unique structure 

aids in development of inhibitors selective for members of this family.  Four Pim kinase 

inhibitors, including SGI1776, AZD1208, PIM447 and INCB053914, have entered 

clinical trials and PIM447 and INCB053914 remain in clinical development. Multiple 

other Pim kinase inhibitors are currently in preclinical development. 

Further work needs to address the functional redundancy of Pim kinase proteins – 

Pim 1, Pim2 and Pim3, in cancer. While the oncogenic potential of Pim-1 and Pim-2 is 

known, less is known about role of Pim-3 kinase in cancer progression/maintenance. Pim 

family members are characterized by high homology and exceedingly similar kinase 

domains (Figure 4-1) [180]. Thus inhibition of one Pim isoform can likely induce 

compensatory upregulation of other Pim isoforms, suggesting the need for development 

of pan-Pim kinase inhibitors that inhibit all three isoforms of Pim kinase for effective 

cancer therapy.  

                              

 

 

Figure 4-1: Percentage amino acid similarity in Pim kinase family 
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We have previously shown that Pim kinase inhibition enhances apoptosis induced 

by FLT3 inhibitors in AML cells with FLT3-ITD. In this study we evaluated the effect of 

Pim kinase inhibition using the pan-Pim kinase inhibitor AZD1208 on the efficacy of 

chemotherapy drugs, which are generally first-line therapy for AML with FLT3-ITD. The 

nucleoside analog cytarabine and topoisomerase 2 inhibitors, including daunorubicin, 

mitoxantrone and etoposide, are the two main classes of chemotherapy drugs used in 

treating AML patients. Here we show that Pim kinase inhibition using the Pim kinase 

inhibitor AZD1208 enhances apoptosis induction by the topoisomerase 2 inhibitors 

daunorubicin, etoposide and mitoxantrone, but not by the nucleoside analog cytarabine. 

We verified this effect using another pan-Pim kinase inhibitors PIM447 that is in current 

clinical development (data not shown), as well as by genetic inhibition of Pim-1 kinase. 

These results are clinically relevant, as synergistic apoptosis induction by combination 

treatment with Pim and topoisomerase 2 inhibitors was confirmed in primary AML cells 

with FLT3-ITD, but not in primary AML cells with WT-FLT3 or remission bone marrow 

cells. We found that enhanced apoptosis induction by co-treatment with Pim kinase and 

topoisomerase 2 inhibitors is mechanistically associated with enhanced DNA DSBs that 

lead to generation of ROS, ultimately inducing apoptosis.  

DNA DSBs are potentially lethal events in cells that are repaired by three main 

repair pathways, HR, C-NHEJ, and the more recently described Alt-NHEJ. Cancer cells 

in particular have higher dependency on these repair pathways, which enable them to 

survive damage induced by chemotherapy drugs. Thus inhibiting specific DNA repair 

pathways can prove to be efficacious when combined with DNA damaging agents. For 

instance, targeting key proteins mediating Alt-NHEJ is known to sensitize leukemia cells 
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with mutant KRAS to chemotherapy [181]. AML cells with FLT3-ITD are known to 

have increased Alt-NHEJ repair activity, which also likely contributes to genomic 

instability in these cells. We found that co-treatment of cells with FLT3-ITD with Pim 

kinase and topoisomerase 2 inhibitors results in downregulation of central components of 

Alt-NHEJ repair and inhibits the increase in Alt-NHEJ activity induced by topoisomerase 

2 inhibitors. In contrast, co-treatment of cells with FLT3-ITD with the two inhibitors, 

compared to single-agent treatment, does not significantly impair repair by C-NHEJ or 

HR. Subsequent work will determine the mechanistic role of Pim kinase in altering Alt-

NHEJ-mediated repair activity. Additionally, since repair activity by Alt-NHEJ often 

leads to erroneous repair, evidenced by deletions and insertions at the site of repair, it is a 

leading contributor to genomic instability in cells with FLT3-ITD. Hence it will be 

important to determine whether Pim inhibition reduces genomic instability resulting from 

repair of DNA DSBs induced by exposure to topoisomerase 2 inhibitors. 

There is substantial evidence demonstrating that functional inhibition of Pim 

kinase alters cell proliferation and growth and enhances cancer cell death when combined 

with cytotoxic drugs or with radiation [104, 182, 183]. However additional work is 

needed to further delineate the role of Pim kinases in cancer. Not much is known about 

the role of Pim kinase in maintenance of cancer stem cells (CSCs). Recent studies have 

shown hypoxia causes upregulation of Pim-1 kinase,  which enhances expression of 

antioxidant genes by inducing translocation of Nrf2 to the nucleus, thus aiding cell 

survival [184]. Since CSCs have been shown to adapt to hypoxic conditions, it will be of 

interest to study the role of Pim-1 kinase in these cancer-initiating cells.  
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Additional work also needs to address mutations in the Pim kinase family that can 

induce resistance to Pim kinase inhibitors as well as to other kinase-directed therapies. 

One such point mutation in Pim-1 is reported in diffuse large B-cell lymphoma, reducing 

sensitization to ibrutinib [185]. A single nucleotide polymorphism genomic analysis also 

identified a E135K point mutation in Pim-1 in acute myeloid leukemia [186].  

To overcome resistance induced due to chemical targeting, recent studies propose 

the use of monoclonal antibodies (mAb) directed to Pim-1 kinase. Interestingly, in 

targeting prostate cancer cells, Pim-1 specific mAb enhanced Pim-1 proteasomal 

degradation by disrupting its complex with Hsp90 [187]. In vivo administration of Pim-1 

mAb resulted in significant reduction in growth of prostate cancer xenografts and 

leukemia cells [187]. 

Overall, our work has demonstrated the potential efficacy of inhibiting Pim kinase 

in combination with topoisomerase 2 inhibitor chemotherapy as a novel treatment for 

AML with FLT3-ITD. Our preclinical work also shows the potential of targeting the Alt-

NHEJ DNA repair pathway to decrease genomic instability following treatment with 

DNA damaging agents in cells with FLT3-ITD. 
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